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Chapter 1  
Introduction 
GaAs material has some interesting electronic properties.[Ash13] It is direct band gap 
semiconductor with efficient electronic-light coupling, and strong charge mobility. 
Therefore, it has many promising applications in fabricating photonic and electronic 
devices such as light-emitting diodes (LED), lasers, photodetectors, transistors,[Dha13] 
solar cells, photovoltaic materials.[Cza09] Charge mobility may be 6 times higher than the 
one of silicon,[Rus98] leading to the active threshold of GaAs transistors with frequencies 
above 250 GHz.[Leo10] GaAs has a wide bandgap of 1.42 eV at 300 K, so GaAs-based 
devices are not insensitive to heat, but the noise of these devices is less than that of 
silicon devices,[Ash13] in specific at high frequencies. As a result, GaAs is an excellent 
material for space applications[Leo10] with superior resistance for radiation damage.  
Multiple junctions solar cells based on III-V semiconductor single-crystallize thin films 
have been fabricated with an efficiency larger than 40%.[Lee13] For single junction, the 
highest efficiency of GaAs- based devices is 28.8%,[Yab11] higher than efficiency of 
silicon solar cell (only 15 - 22% for conversion of sunlight into electricity[Ser13]), 
although silicon solar cells dominate in the commercial world. 
GaAs and AlAs have a similar lattice parameter, so that epitaxial layers of these 
materials can be grown with a quite small strain. Combination of GaAs and AlAs or 
alloy AlxGa1-xAs can be grown by molecular beam epitaxy or metalorganic chemical 
vapor epitaxy system, with a precise control of Al alloy composition x. This result 
allows a wide range of applications for optoelectronic devices.  
Over the last decade the study of one-dimensional nano material - called nanowires 
(NWs) attracted a lot of groups (see Figure 1.1 the progression of publications number 
on GaAs-based nanowires). These NWs have new properties, especially because of the 
large proportion of surface-to-volume atoms which induces a morphology useful for 
nanoscale electronic and optoelectronic applications, such as NW solar cells, single 
photon-emitters, sensitive gas sensors,... 
In the case of NWs for solar cell applications, the absorption efficiency can be improved 
for the following reasons: i) trapping the light in NW arrays or increasing the light path 
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in NW arrays; ii) decreasing the reflection index of NW arrays (called effective 
reflection index n*, smaller than reflection index n of NW material), iii) having an 
effective surface of p-n junction larger than the one obtained for a planar solar cell. 
Therefore, NW-based solar cells are promising candidates for the next generation of 
photovoltaics and many other optoelectronic applications with high efficiency. An 
interesting result of NW solar cells was performed by a group in Ref. [Kro13]. They 
showed an apparent and equivalent solar conversion efficiency of 40% for an individual 
core-shell p-i-n junction GaAs NW solar cell with p-type of Be-doped-GaAs, n-type of 
Si-doped-GaAs. 
Another attractive application for the NW field was demonstrated recently with the 
single-photon emitters. Single-crystal GaAs NWs having high refraction index of ~ 3.5 
and typical diameter from 40 to ~ 400 nm enable a strong transverse confinement of 
light as a waveguide. A single photon can be generated by a single quantum dots 
embedded inside the NWs.[Bor05] It leads to a potential development of solid-state single 
photon sources which is a major challenge in the context of quantum communication 
and optical quantum information.[Shi07]  
 
Figure 1.1  The increasing publications regarding GaAs NWs from 2000 to 2012 via 
statistical data from the Scopus website. 
This novel strategy towards highly-efficiency single photon sources without a 
requirement of a high-finesse cavity was proposed recently in the group.[Now07] This new 
proposal is based on mono-mode confinement in a one-dimensional dielectric system. 
Considering only the spontaneous emission rate of a radial dipole emitter placed on the 
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axis of the NW, the theoretical work predicted that the photonic wires could exhibit 
efficiency up to 95% for a wire diameter of 0.22 times the photon wavelength. Those 
photonic wires require a conical taper at the end to create a low divergence output beam 
in order to enhance the extraction efficiency. In addition, an integrated highly reflective 
mirror at the NW bottom is needed to prevent the escape of photons toward the 
substrates. Recently, state-of-the-art single-photon sources created via top-down multi-
step process have shown a record source efficiency of 72% (Figure 1.2).[Cla10] Though 
successful, the fabrication of single photon sources which presented in Ref. [Cla10] 
requires a tedious processing starting from a flip chip step, selective etching, electron 
beam lithography, and dry etching. This multi-process has some drawbacks such as size 
limitation, dry etching induced defects.  
The motivation of this PhD thesis is to develop in the group an expertise for the 
fabrication of such wires not with a top-down approach but with a bottom-up one using 
self-assembled nature of semiconductor NWs. Our ultimate target is to demonstrate the 
capability of bottom-up photonic wires as high-efficient single-photon sources. We will 
use unique features of self-assembled NWs to overcome those difficulties existing in the 
top-down photonic wires. The self-assembling method should be able not only to 
simplify the fabrication process but also to offer a way to integrate a real zero-
dimensional system in the core of the photonic wires. This epitaxial work is pre-
requisite to provide a new approach to achieve high-efficient solid-state single-photon 
sources. A first publication along this line appeared recently showing a light-extraction 
efficiency of 42%.[Rei12] 
Semiconductor NWs can be synthesized by employing standard growth equipments e.g. 
chemical vapour deposition, chemical beam epitaxy or molecular beam epitaxy. Under 
proper growth conditions, the material growth rate is enhanced in one direction, giving a 
possibility to create the structure with extremely high length-to-diameter ratio. The 
NWs can be achieved with diameter ranging from a few nanometers up to a few 
hundred nanometers and the length varying up to a few tens of microns without any ex-
situ processing. Hence, a controlled one-dimensional geometry can be realized in a 
single step. Furthermore, semiconductor NWs largely preserve the relevant properties of 
2D epitaxial growth such as the possibility to form heterostructures and to modulate the 
electrical conductivity. Various materials can be combined inside heterostructures 
regardless of lattice parameters as the large surface to volume ratio allowing efficient 
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elastic strain relaxation. This fact could extend the range of size and band-gap 
engineering in comparison to planar heterostructures. 
 
Figure 1.2  State-of-the art single-photon source a) An InGaAs quantum dot (red triangle) is 
embedded in a GaAs photonic NW. The far-field emission is optimized with an 
integrated mirror (gold of SiO2 spacer) and a smooth tapering of the wire tip 
(opening angle). b) Scanning electron microscope image of a photon 
emitter.[Cla10] c) A scanning electron microscopy image of Ga-assisted GaAs 
NWs grown on Si (111) substrate by MBE. 
The quantum dot in the NW is created by inserting a thin slice of the lower band gap 
material in a higher band gap NW. The heterostructure NWs will offer a larger degree 
of freedom to adjust quantum dot height and material composition since the strain is not 
required for the quantum dot formation. The flexibility of material combination also 
opens the way to integrate high quality semiconductor materials on low cost substrates; 
for instance, high quality group III-V (III-As, III-N, III-P) NWs are can be achieved on 
Si substrate, enabling the integration of optoelectronic devices with the main stream Si 
technology. 
The objective of this thesis is to master the growth of III-As self-assembled NWs by 
using molecular beam epitaxy (MBE). The outcome of this work is an essential step 
toward the implementation of photonic wires for single photon source devices. We will 
investigate how to grow GaAs and Al(Ga)As NWs by MBE. In general, the growth of 
III-As NWs is assisted by external catalysts such as gold (Au) via vapor-liquid-solid 
growth mode. Unfortunately, Au is known as a source of contamination which can 
deteriorate the electronic properties of the grown material. In order to ensure the 
material purity, we will use the metal available in the MBE system such as Ga or In 
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droplets to induce the NW growth. Figure 1.2(c) shows our preliminary result of Ga-
assisted GaAs NWs grown on Si(111) substrate by MBE. It was reported that III-V 
NWs grow preferentially in a wurtzite phase, although the most stable crystallographic 
phase of III-As material is a zinc-blend structure.[Spi09] If the growth condition is not 
well tuned, a significant mixture between the wurtzite and zinc-blende phase can occur 
in the NWs. This leads to the band gap variation along the wire axis, influencing their 
optical properties.  
My mission was to investigate the optimum growth conditions (As-to-Ga flux ratio and 
substrate temperature) to achieve a pure crystallographic phase inside the NWs. In the 
cases of alloy AlxGa1-xAs, the fluctuations of the chemical components must be also 
controlled. In order to embed a quantum dot inside the NWs, NW morphology with 
small diameter must be achieved. The next step is to engineer the NW morphology to 
achieve a designed geometry of photonic wires. For a single radial dipole emitting at the 
wavelength λ, located on the axis of a photonic wire of diameter Dw, the theoretical 
calculation predicts that the spontaneous emission can be strongly coupled to a single 
optical mode for Dw/λ close to 0.22.
[Cla10] The growth mechanism allowing the 
manipulation of NW diameter must be investigated in order to extend the wire diameter 
from a few ten to a few hundred nanometers.  
For further enhancement of the light extraction efficiency, GaAs must be encapsulated 
by AlGaAs (~ 35% Al composition) with higher band gap energy to prevent 
nonradiative recombination processes due to dangling bonds or surface states at edge 
surfaces of GaAs NWs.[Dem10] This is an advantage compared to the top-down process, 
in which core-shell NWs for high optical emission efficiency cannot be fabricated. 
Therefore, we need to understand and to control the vertical and lateral NW growth, and 
to optimize the shell thickness of AlGaAs. These problems are presented in my thesis.  
 
Organization of the manuscript  
This thesis presents the work that I archived on GaAs, and GaAs/AlGaAs NWs growth, 
together with some optical characterizations. It is divided in 6 chapters with concepts as 
follows:  
Chapter 1 introduces briefly advantages of GaAs material for opto-electronic devices, 
and the development of GaAs NWs researches for some applications such as GaAs 
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NWs solar cells and single-photon emitters, leading to state-of-art of single photon 
source. These potential applications are the motivation of my thesis work. 
 Chapter 2 provides first an overview on the crystal properties, electronic band structure 
and optical transitions in these GaAs-AlAs semiconductors. Then the challenges of the 
epitaxial growth are described, namely the strain issue, the molecular beam epitaxial 
techniques and the specificities of one-dimensional growth with the vapor-liquid-solid 
mechanism. 
Chapter 3 summarizes the structural and optical methods which are used to characterize 
the NWs. It also describes the experimental protocols we use to calibrate the substrate 
temperature (surface reconstruction) and the two-dimensional growth rate (oscillations 
of reflection high energy electron diffraction). 
Chapter 4 focuses on the optimum growth conditions in order to obtain vertical NWs. In 
this chapter, we show the effect of some key parameters on the NW morphology, such 
as substrate temperature and As/Ga fluxes ratio. The experimental data for the NWs 
length-and-diameter are interpreted by using the model which takes into account both 
the adatoms diffusion and the variation of the supersaturation in a small droplet (Gibbs-
Thomson effect). 
Chapter 5 presents all the results which were obtained for GaAs/AlGaAs core-shell 
structures with various AlGaAs shell thicknesses. After the growth and the structural 
characterization of these core-shell wires, optical data are present and evidence the 
importance of the AlGaAs shell to suppress the nonradiative recombination on the 
GaAs NW side facets surface. Finally results on exciton diffusion length and residual 
strain in these wires are obtained thanks to cathodoluminescence and 
photoluminescence results. 
In the final chapter, Chapter 6, we summarize the date of our work and provide some 
ideas to ascertain our conclusions together with some perspectives to develop such 
bottom-up approach epitaxy.  
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Chapter 2  
Fundamental Aspects 
 
This chapter presents briefly the fundamental aspects regarding to 
 
+ The structure, electronic band edge, exciton activities of GaAs, AlAs semiconductors. 
+ Defect formation due to the misfit of lattice constants between two materials. 
+ Molecular beam epitaxial system, as well as the usefulness of RHEED. 
+ Vapor-liquid-solid mechanism for GaAs NW growth with Au- and self-catalysts. 
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2.1. GaAs and AlAs semiconductors 
2.1.1. Zinc blende-Wurtzite crystal structure 
GaAs, AlAs or ternary GaxAl1-xAs semiconductors have been reported in detail in Ref. 
[Pav94] regarding to the electronic band gap structure, lattice dynamics and other 
relevant parameters. Several attractive properties of this class of materials have been 
studied intensively during the last decade due to many promising applications for 
integrated optoelectronic devices,[Vug01,Ada85] especially for the properties of this material 
class with low or intermediate Al compositions (lower than 40%) due to the fact that 
they are direct band gap materials.  
 
Figure 2.1  Close-pack layers of Ga and As atoms for crystal formation of (a) ZB and (b) 
WZ structures in GaAs lattice.[Bre11] 
Gallium Arsenide (GaAs) and Aluminium Arsenide (AlAs) semiconductors belong to 
the III-V group, and can crystallize in different structures depending on the pressure and 
temperature condition. These can be face-centered cubic zinc blende (ZB) structures 
with four molecules in the unit cell. In some cases, especially in the nano scale, III-V 
compounds are known to crystallize in the related hexagonal counterparts with wurtzite 
(WZ) structures. Some kinds of polytypes can also exist. The transformation between 
WZ and ZB in GaAs structures depends on some factors of the Ga/As ratio and 
temperature. The lattice constant of ZB GaAs is about 0.56535 nm at room temperature, 
and that of AlAs is 0.56622 nm.[Lor94] According to Vegard’s law, the lattice constant of 
AlxGa1-xAs has a linear dependence on the composition between GaAs and AlAs.
[Cha91]  
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The transformation between ZB and WZ phases has been studied widely.[Spi09,Kro12] The 
authors showed that the WZ structure in NW would be predominant when the Ga/As 
ratio increases. It means that the structure in the NW is polytypic or the existence of 
intermediate states (stacking faults) such as faulted WZ, faulted ZB, mirror, twin, and 
mixed ZB/WZ. With the atomic-scale resolution in TEM analysis, two structures can be 
distinguished due to the difference in atomic arrangement of NW. This result was 
mentioned in multiple reports.[Bau10,Dic10] 
Figure 2.1 demonstrates the atomic arrangement of ZB and WZ structures. The direction 
[111], [0001] shows cubic and hexagonal structure, respectively. The cubic packing 
sequence ABCABC is described as a ZB structure, while the haxagonal packing ABAB 
stands for a WZ structure. 
 
2.1.2. Basics of electronic band structure of AlxGa1-xAs 
Electronic band structures 
As mentioned somewhere, the electronic band structure of AlGaAs semiconductors can 
be exhibited in the first Brillouin zone in three-dimensional k-space (Figure 2.2).[Yac04, 
Kit05] The electron states are illustrated as stationary waves with discrete energy levels at 
k = np/a (a is lattice constant in real space). The propagation of electrons also follows 
the Bragg rule. Some notations for the Brillouin zone are showed in Figure 2.2. Γ is the 
origin point in k-space (k = 0). L is the boundary point of this zone with [111] direction 
and Λ is center of Γ and L. X is the boundary point of this zone with [100] direction and 
D is center of Γ and X. K is the boundary point of this zone with [110] direction and S is 
center of Γ and K. The electronic band structure is described by the relationship 
between energy E and wave vector k along directions in the first Brillouin zone. There 
is a forbidden energy band between the valence band and the conduction band. The 
valence band is the highest filled state of electrons, and conduction band is the lowest 
vacant band at absolute zero temperature.[Kit05] Insulator, semiconductor and metal can 
be distinguished with the width of the band gap. In semiconductors, the radiative 
recombination process is defined by extrema-band transitions between the lowest 
conduction band and the highest valence band or bound states (excitons, impurities and 
defects).  The optical absorption provides information about the value of the forbidden 
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gap. The results of this relationship E(k) are exhibited in Figure 2.3(a,b), corresponding 
to the direct-gap GaAs and indirect-gap AlAs. 
Bandgap energy Eg of ZB GaAs at low temperature is 1.5192 ± 0.0002 eV,
[Pav94] but 
there are some controversies for the bandgap of WZ GaAs. According to the 
experimental results of U. Jahn et al., the bandgap energy of WZ GaAs is higher than 
one of ZB GaAs by 55 meV.[Jah12] By contrast, in Ref. [Spi09], emission energy moves 
from 1.515 eV to 1.43 eV when the percentage of ZB increases in the NW. 
 
Figure 2.2  The first Brillouin zone of zinc blende structure with the notation of the 
important symmetry points and lines.[Yac04] 
 
Figure 2.3  Electronic energy band structure of (a) GaAs[Kit05] and (b) AlAs.[Sin03] 
 
Energy gap with Al composition and temperature 
Figure 2.4 demonstrated the band gap of AlxGa1-xAs in three regions Γ, X and L as a 
function of Al composition x with solid line is calculated curve and dot line is 
experimental curve.[Mar81] The nonlinear variation of Γ, X and L band gap energies 
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versus x is due to the local disorder intrinsic to such an alloy.[Mar81] From 0% Al to about 
40% Al, AlxGa1-xAs is a direct band gap semiconductor. In this region of Al 
concentration, the material has many applications in optoelectronic devices. When Al 
composition is more than 40%, this material can be characterized as an indirect band 
gap semiconductor, in which the transition of electron and hole requires the 
participation of a phonon. Therefore, the range of alloying above 40% will not be 
discussed in detail in this thesis, which mainly focuses on aspects related to direct 
transition toward application to optoelectronic devices. 
With Al composition x of 0 - 40%, bandgap of AlxGa1-xAs varies with x via the 
Equation Eg = 1.5194 + 1.36x + 0.22x
2.[Pav94] 
 
Figure 2.4  Relationship between (a) energy and Al concentration in 3 regions of G, X, 
L[Mar81] and (b) band gap with temperature using Eg(0) = 1.519 eV, α = 5.405 ´ 
10-4 eV/K and β =204 K.[Yac90]  
External perturbations, such as applied fields and temperature, strongly influence 
optoelectronic properties, specifically the band structure of the semiconductor 
materials.[Yac04] Temperature variations perturbate the band edge structure through two 
mechanisms. The first is the crystal lattice parameter dependence on temperature, 
meaning that the thermal expansion of the lattice can lead the change in the forbidden 
gap. The second mechanism is the electron-phonon interaction, which plays an 
important role that contributes to the modification of the band edge structure. 
When increasing the temperature, a red shift occurs which corresponds to the decrease 
in the bandgap. The shift obeys the empirical Varshni’s equation.[Var67] This 
characteristic is typical of materials. 
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βT
αT
(0K)E(T)E
2
gg +
-=     (2.1) 
Where a is the negative temperature coefficient of the bandgap (dEg/dT) and b is the 
constant. These two parameters are adjustable and reported in Ref. [Vur01]. T is 
temperatures in K degree and 0 < T < 103. Some values of α and β were reported such as 
in Ref. [Var67] α = 0.887 meV/K and β = 572 K, in Ref. [Vur01] α = 0.85 meV/K and β 
= 650 K. 
 
Recombination process in semiconductor materials 
 
Figure 2.5  Recombination mechanism in semiconductor materials. Electron – hole pairs 
are generated after material receive a photon with energy exceeding forbidden 
gap. The generated carriers are then thermalized to the limitation of band gap 
energy and recombine in radiative or non-radiative process.[Led01,Yac90] 
When material receives photon having energy larger than forbidden energy of that 
material (process 1), electron-hole pairs are generated. In a certain time, the electron (or 
hole) then moves freely and collide with an atom in the lattice and transfer part of its 
energy (in quantums called phonons) until the energy of the electron (or hole) is 
approximately the minimum (or maximum) of the conduction (or valence band, 
respectively). There are two catalogues of recombination with radiative and non-
radiative processes. Process 2 is a non-radiative recombination due to the defects. 
Electrons and holes are trapped at these defects and no emission occurs. In contrary, 
radiative recombinations include some processes 3, 4, 5, 6 and 7 which are shown in 
Figure 2.5. An interband transition (process 3) gives intrinsic luminescence. A direct 
transition of an electron in the lowest level of conductive band and a hole in the highest 
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level of valence band produces emission energy close to the band gap energy hν ≈ Eg. 
Emission spectrum of this transition may be broadened due to the thermalization of 
carriers.[Yac90] 
At low temperature, process 4 of exciton recombination is observed, it can be free 
exciton or excition bound to impurity. There are some kinds of exciton bound, such as 
exciton bound to a neutral donor (denoted by D°X), exciton bound to a neutral acceptor 
(denoted by A°X), exciton bound to a ionized donor (denoted by D-X), exciton bound to 
a ionized acceptor (denoted by A-X).[Yac90] 
Processes 5, 6 and 7 which are shown in Figure 2.5 give extrinsic luminescence. They 
are the transition of donor level to free hole (denoted by D°h) (process 5), the transition 
of free electron to acceptor level (denoted eA°) (process 6), and the transition of donor 
level to acceptor level or called donor-acceptor pair (DAP) recombination (process 7). 
 
Figure 2.6  The diagram of absorption direct (a) and indirect (b).[Kit05] 
In the direct process of recombination, or Δk = 0, optical absorption occurs at 
wavelength lg or angular frequency wg, and the band gap energy is calculated via Eg = 
hc/lg = ħwg, with Planck’s constant h, ħ = h/2π = 1.0546 ´ 10
-34 Js. The emission of this 
process occurs strongly with the presence of electron and hole, which is shown in 
Figure 2.6(a). On the contrary, in the indirect process of absorption, optical absorption 
occurs under the support of phonon with energy ħW to satisfy the condition of 
conservation E and k [Figure 2.6(b)]. Therefore, the emission of this process is weaker 
than the emission of direct recombination process.  
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2.1.3. Excitons in semiconductors 
In semiconductors, an exciton is formed by an electron-hole pair which is bound 
together by an attractive Coulomb interaction.[Kit05] There are two types of excitons: 
Mott-Wannier exciton and Frenkel exciton. Mott-Wannier exciton is an exciton with a 
weak binding energy and the average distance between the electron and the hole is 
much larger than the lattice constant. By contrast, Frenkel excitons are strongly bound 
and localized at a single atom (the average distance is comparable to the lattice 
constant), such as in molecular crystals. In this part, we only introduce the weakly 
bound exciton or Mott-Wannier exciton. Excitons in GaAs semiconductors belong to 
the Mott-Wannier exciton because of the huge dielectric constant 13.1[Sze94] and small 
effective mass me = 0.063m0, mh = 0.51m0.  
 
Figure 2.7  Two forms of excitons in semiconductor: (a) Mott-Wannier exciton and (b) 
Frenkel exciton.[Kit05] 
In principle, when the material absorbs energy larger than the band gap energy, 
electrons and holes (called carriers) will be generated. In direct band gap materials, the 
threshold energy of this process is ħw > Eg, whereas in indirect phonon-assisted process, 
the process needs the support of phonon, and threshold energy to create electron-hole 
pairs is lowered by the phonon energy ħW.[Kit05] In optical transitions in a direct gap, the 
binding energy of exciton is the difference between required energy to create a free 
electron and free hole and required energy to create an exciton. 
Exciton is a two-body system of electron and hole, so exciton’s reduced mass µ obeys: 
he m
1
m
1
μ
1
+=        (2.2) 
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With me and mh are electron and hole masses, respectively. The binding energy of 
exciton Eex can be written as: 
222
4
ex nε2
μe
E
h
=       (2.3) 
Where n is the principal quantum number, e expresses the static dielectric constant. 
Binding energy of excitons in bulk GaAs is 4.2 meV and Bohr radius rB = 12 nm.
[Kit05] 
However, in GaAs quantum dots, this value is higher.[Jaz95] Besides its radiative 
recombination, the exciton can also be thermally dissociated and annihilated by 
screening effect. In the first case, when temperature increases, the phonon population 
increases and phonon is absorbed by exciton, so the exciton is ionized by scatterings to 
continuum states. In the second scenario, the screening effect occurs due to the high 
density of electron and hole in media, which leads to screening of Coulomb interaction. 
 
Figure 2.8  Exciton levels created in direct semiconductors.  
 
2.1.4. Density of states of n-dimensional materials  
In the nanometer scale, the quantum physics replaces the classical law of physics to 
explain the quantization of the charged particles in 0, 1, 2 or 3 dimensional materials, 
which correspond to quantum dots (QDs), quantum wires, quantum wells (QWs) or 
bulk, respectively. Their movement for each case will be restricted by unconfined 
dimensions.  
Consider the cubic in real space (3D or 3-dimension) with length L = Lx= Ly = Lz, 
consisting of M unit cells (or M+ 1 particles) and each cell has one side a. Therefore, L 
= Ma, and volume of specimen is L3. In k-space, the interval between two particles is 
2p/L, so the volume of one primitive cell of one cubic is (2p/L)3.[Kit05] There is one 
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allowed value of k in this primitive volume,[Kit05] two spins for one state, so the number 
of energy states N in the sphere with radius k is: 
3
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The same calculation for 2D (2-dimension) and 1D (1-dimension), we have: 
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Density of energy states in one volume and energy is calculated via equation (n: number 
of dimension): 
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In semiconductor materials, confinement energy of a particle is defined: 
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From Eq. (2.4) and Eq. (2.5), we deduce: 
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Substituting Eqs. (2.6) and (2.7) into Eq. (2.5), we get: 
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In conclusion, the density of states per unit volume at energy E is proportional to En/2-1, 
where n ≥ 1 is the number of free dimensions, and leading to be proportional to E1/2, E0 
and E-1/2 for bulk, quantum wells and quantum wires, respectively. At 0 dimensional 
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systems or for quantum dots, charged particles are confined in 3 dimensions, leading to 
density of discrete states as delta functions in Figure 2.9. 
As a consequence, the confinement results create subbands in the semiconductor 
materials. The structure in our experiments can be considered as a one-dimensional 
system because of the small diameters from 15 nm to 200 nm and lengths of several 
micrometers. Thereby, the large ratio of surface to volume leads to several different 
fascinating behaviors in comparison to bulk material. The surface states and some 
defects have a strong effect on the optical properties of these NWs. The electronic band 
structure of these structures is similar to bulk material because the exciton Bohn radius 
of GaAs approximately 12 nm[Tit06] is smaller than the diameter of these NWs ~ 80 nm 
and the quantum confinement of exciton electronic states could be ignored. 
 
Figure 2.9  Density of states D(E) in (a) bulk (3D), (b) quantum well (2D), (c) quantum 
wire (1D), (d) quantum dot (0D).[Yac04]       
 
2.2. Molecular beam epitaxial growth of GaAs  
2.2.1. Epitaxial crystal growth 
Epitaxy is a growth process in which a crystalline layer is deposited on a crystalline 
substrate and has a well-defined manner of orientation alignment with respect to the 
substrate. If the layer and the substrate are the same material, it is homoepitaxy, 
otherwise it is heteroepitaxy. There are some processes that occur when atoms from the 
source impinge on the surface before incorporating to form the layer. Figure 2.10 
describes the atomic processes on the surface during the growth: Adsorption, diffusion, 
nucleation, and desorption.    
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Figure 2.10  Surface processes during the epitaxial growth. 
Homoepitaxy is an epitaxial type with both film and substrate having the same 
materials. There is no lattice mismatch and thus no strain between epilayer and 
substrate.  This process is used to fabricate the film with high purity or study about 
doping levels. 
Heteroepitaxy is an epitaxial type with both film and substrate having different 
materials. There is lattice mismatch, thus strain between epilayer and substrate. A 
typical heteroepitaxy is GaAs on Si substrate. 
In early studies regarding the initial stage of nucleation, there are three growth modes as 
shown in Figure 2.11. 
+ Frank-van-der-Merve or FM mechanism:[Fra49] Interaction between atoms and the 
substrate occurs, causing adatoms to fill the vacancies on the surface, creating the 
complete two-dimensional layer and continue to form a new layer. 
+ Volmer-Weber or VW mechanism:[Vol26] In this mode, the interaction between 
adatoms is stronger than the interaction between adatoms with the surface, forming 
three-dimensional clusters or islands. 
+ Stranski-Krastanov or SK mechanism:[Str38] There is a transition from 2-dimensional 
layer growth at a certain thickness to the island or three-dimensional (3D) growth. This 
critical thickness depends on some behaviours of the surface energy and lattice 
mismatch of film and substrate. 
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Figure 2.11  Three modes of initial nucleation stage. (a) Frank-van der Merwe (layer-by-
layer) (b) Volmer-Weber (island formation) and (c) Stranski-Krastanov (layer-
plus-island). 
 
Figure 2.12  Epitaxial layer on substrate with lattice constant a0 and a, respectively in (a) a < 
a0 and (b) a > a0. 
Consider lattice constant of epilayer and substrate are a and a0, respectively, the lattice 
mismatch is calculated via ratio Da/a = (a0 - a)/a = e//. If e// < 0 (or a0 < a), epilayer is in 
compression. As the thickness of this film increases, the accumulation of strain energy 
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makes the relaxation occurring in the lattice crystal. There are two mechanisms to 
relieve the strain with plastic or elastic relaxation. One of them leads to the formation of 
quantum dot (QD) after a critical layer thickness with Stranski-Krastanow mode, called 
elastic relaxation. For example, QD is formed due to deposition of InAs with lattice 
constant 0.60583 nm on GaAs substrate with lattice constant 0.565325 nm. The word 
“pseudomorphic” is named for strained epitaxial layers when no defects exist in these 
layers and the strain elastically relaxes.[Gru06] The other relaxation leads to the formation 
of array of misfit dislocations at the interface between the substrate and layer, called 
plastic relaxation. In the thin epilayer which has different lattice constant with substrate, 
number of dislocations might propagate into epilayers.[Gru06] Figures 2.12(a,b) exhibit 
these two heteroepitaxy types with the formation of dislocations or QD due to the lattice 
mismatch between the substrate and epitaxial layers, respectively. 
Beside the dislocations generated in epitaxial layer, there are other desirable and 
undesirable defects affecting strongly the properties of this material, such as point 
defects, impurities. The point defects (or localized defects) are formed during the 
growth processes. They can be interstitials, vacancies, and misplaced atoms. In 
compound semiconductors such as GaAs, antisite defects might be formed by 
interchanging the position of Ga and As in the lattice. Impurities can be dopants, either 
donor or acceptor. Other crucial defects which are also mentioned in this part are 
surface defects, such as dangling bonds and/or stacking faults. These defects can occur 
at free surfaces or interfaces. In semiconductors, such defects may deteriorate the 
electrical and optical properties of materials and may cause device failure.[Yac04]  
 
2.2.2. Molecular beam epitaxy  
Molecular beam epitaxy (MBE) system has been widely used since the 60s to fabricate 
semiconductor compounds[Art68] due to its capability of achieving high purity, precise 
composition, and sharp interface structures. Specifically MBE has been used to 
fabricate III-V and II-VI semiconductors quantum wells, quantum dots, heterostructures 
and magnetic materials.  
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Figure 2.13  The MBE system in CEA/INAC/SP2M with the introduction chamber (1), 
transfer chamber (2) and growth chamber (3). 
Figure 2.13 describes the MBE system which we used in this thesis. It includes three 
chambers: the introduction, the transfer and the growth chamber. The vacuum of the 
introduction chamber is maintained by a turbo molecular pump at pressure ~ 10-8 Torr. 
A nitrogen gas system is attached to this chamber in order to vent the gases before 
getting the samples out. The substrate samples are glued on molyblocks by an indium 
ingot and inserted into a cart to move the substrate from the introduction chamber to the 
transfer chamber and into the growth chamber and vice versa. Each chamber is 
separated by a gate valve. The pressure of the transfer chamber is kept at ~ 10-10 Torr by 
an ion pump. Before transferred to the growth chamber, the samples are heated at this 
chamber for 30 minutes at 250 °C to remove contamination on the surface. Then the 
substrate is transferred to the growth chamber for deposition process. 
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Figure 2.14  Cross-section of a typical standard MBE system growth chamber. 
The growth chamber is the main component in the MBE system illustrated in Figure 
2.14. The vacuum in this chamber is around 10-11 Torr which is maintained by ion 
pump, Ti sublimation pump and liquid nitrogen system installed around the wall to 
avoid the contamination from the chamber wall. After the molyblock is introduced into 
the growth chamber, it is attached to the manipulator which can rotate during the growth 
process. Two cells of As, two cells of Ga, one shell of In, Al, Si, and C are placed 
opposite to the growth position. The cell structure is mentioned in 2.2.3. Between cells 
are cooled by N2 system to avoid an increase of temperature between them. 
A Reflection High-Energy Electron Diffraction (RHEED) device is attached into this 
chamber, enabling in-situ monitoring of the deposition processes. It consists of an 
electron gun, a fluorescent screen and a Charge-Coupled Device (CCD) camera outside 
the chamber. Another valuable device is the mass spectrometer to analyze the 
composition of residual elements in the growth chamber. MBE requires a high vacuum, 
smaller than 10-10 Torr, therefore special materials are used here, and the chamber is 
heated before use to get rid of hydrogen and oxygen.  
 
 
 
 26 
 
2.2.3. Knudsen cell  
Knudsen cells are the most prominent segment in MBE machines, which specifically 
constructed as evaporation sources of materials.[Zeh01] As showed in Figure 2.15, it 
consists of 5 main components: (1) pyrolytic Boron Nitride crucible for containing the 
materials, (2) resistive heater filament for supplying the temperature of crucible, (3) 
metal foil radiation shields for avoid escaping the temperature, (4) wrap-around 
thermocouple for controlling the temperature and (5) mounting flange.[Art02] Growth 
rates of materials are monitored precisely achieving control over one atomic layer.  
 
Figure 2.15  Photograph of an MBE thermal effusion cell: (1) pyrolytic Boron Nitride 
crucible (2) resistive heater filament, (3) metal foil radiation shields, (4) wrap-
around thermocouple and (5) mounting flange (courtesy of EPI, Inc.).[Art02] 
Effusion cells are designed depending on the physical principles of molecular beam 
generation. Molecular fluxes of materials stabilize under certain temperature, but 
precise control of temperature for certain flux is not easy. At chosen temperature, the 
pressure at stationary state of one cell (consider this is a closed system) is established 
from the balance between vapour flux and condensed flux. On the other hand, there is 
no reversible process between these two fluxes. The pressure at equilibrium condition 
obeys the Clapeyron equation:[Rin02] 
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Where DH is vaporization enthalpy and kB is the Boltzman constant 8.617 ´ 10
-5 eVK-1.   
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If the orifice of Knudsen cell (surface area Ae) is small enough to consider equilibrium 
at a pressure Peq, the evaporation flux from the Knudsen cell through Ae is given by 
Hertz-Knudsen equation:[Darxx] 
T2ππm
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dt
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e
e
-
=      (2.12) 
Where P is the pressure in the condensed phase and Ne is the molecule density in this 
phase. When using this formula, the sticking coefficient for vapor molecules onto the 
surface is supposed to be 1. 
 
2.2.4. Reflection high energy electron diffraction analysis 
Reflection high-energy electron diffraction (RHEED) is a useful method for surface 
analysis attached in the MBE growth chamber for in situ studies about the surface 
crystallography and kinetics. In order to use RHEED diffraction, an electron beam (1 A, 
20 kV) produced by a hot filament is projected toward the sample surface under an 
incidence angle of about 2°. The penetration depth of the beam is only a few atomic 
layers from the surface. These layers act like a grating to diffract the incident electron 
beam. On the opposite side of the beam, a fluorescent screen is mounted to visualize the 
diffraction pattern. This pattern can be recorded by a CCD camera. 
By observing RHEED pattern on the fluorescent screen one can deduce the 
characteristic of the surface as following: 
+ Streak lines provide information of atomic surface flatness. 
+ Moving spots during the rotation of the sample indicate a surface with many 
islands. 
+ Unmoved spots during the rotation of the sample reveal the 3D growth. 
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Determination of the in-plane lattice constant 
As shown in Figure 2.16, the interplanar distance du is determined by: 
du = Ll0/t      (2.13) 
Where L is the distance from the sample surface to the fluorescence screen, t is the 
distance between two streak lines, l0 is the incident electron wavelength. For 20 keV, 
nm 0.0087
U
1.23
eU2m
h
λ
e
0 »»= . 
 
Figure 2.16 Diagram of the RHEED and determination of the in-plane lattice constant. 
 
Surface reconstructions 
RHEED is a sensitive tool to identify the surface reconstructions. This part will be 
discussed in part 3.2.1. 
 
Determination of the growth rates  
Figure 2.17 describes the variation of the RHEED intensity corresponding to the 
formation of the atomic layer. With a coverage rate q = 0, the RHEED intensity is at 
maximum. When q = 0.5, the intensity is the lowest due to the maximum roughness. 
When q = 1, another full atomic layer is formed with similar maximum RHEED 
intensity. 
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Figure 2.17 The variation of the RHEED intensity is used to determine the growth rate. 
 
2.3. GaAs nanowires on Si substrate 
Si is the low cost substrate for growing epitaxial GaAs, but due to the lattice mismatch 
between Si and GaAs (about 4%) (Figure 2.18), the GaAs structures on Si has many 
defects[Bol08] and strain as mentioned previously, especially in the case of thin film. The 
problem is much relieved in the case of growing NWs on Si substrate. A publication of 
Frank Glas[Gla06] in 2006 calculated the critical thickness h of a material depositing on a 
small area substrate corresponding to a NW radius r0. Consider the case of GaAs 
growing on the Si substrate with misfit 4%, the result is shown in Figure 2.19. The 
curve shows the critical thickness for plastic relaxation of deposited material GaAs onto 
the misfit substrate Si, and divides the space (Figure 2.19) into two regimes: 
pseudomophic growth with no dislocation (shading part), and a plastic relaxation with 
dislocation on the right side of the curve. According to this result, if the NW radius is 
larger than 50 nm, the critical thickness becomes smaller, so dislocations appear above 
this thickness, as schematically depicted by a solid dark line on NW(2) in Figure 2.19. 
On the contrary, in the case of NW radius smaller than 50 nm, the critical thickness 
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becomes infinite with no dislocations (NW(1) in Figure 2.19). The strain generated 
from this mismatch is relieved onto the sidewalls of NWs. This is one of the strong 
motivations to study the NW growth on different substrates with huge lattice mismatch 
parameters. 
 
Figure 2.18 Lattice constant versus band gap energy of both direct and indirect energy gap 
semiconductor materials.[Yac04] 
 
Figure 2.19 Relation between the critical thickness h of deposited material (GaAs) growing 
on the misfit substrate 4% (Si) with various NW radius r0. Pseudomophic 
regime gives NW(1) without dislocation, whereas Plastic relaxation regime 
gives NW(2) with the presence of dislocation (solid dark line).[Gla06] 
These NWs grow fast under Au catalysts or self-catalysts. In 2005, J. C. Harmand et 
al.[Har05] analyzed the vapour-liquid-solid mechanism to grow GaAs NWs with Au as a 
catalyst on GaAs(111)B surfaces. 3 nm of nominal thickness of Au was deposited, and 
the nominal Ga deposition was 0.2 nm/s.  Authors noticed that the end of the NWs was 
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hexagonal crystal structure. The diameter of NWs was controlled by the size of Au 
particles. Unfortunately, D. E. Perea et al.[Per06] showed that the presence of Au along 
the NW during the growth formed deep levels in the bandgap[Bro78] effecting on the 
internal quantum efficiency of optoelectronic devices.[Bre11]And recently, Z. Liao et 
al.[Lia13] reported agreement with these results.  
Thus, using free-catalysts has been studied to avoid the contamination from Au. In 
2008, Fontcuberta I Morral et al.[Fon08] published a paper regarding to the nucleation 
mechanism of Ga-assisted GaAs NWs by MBE growth. The authors showed the 
importance of a SiO2 layer deposited before growth, for nucleation and nanowire 
growth on the GaAs substrates. They provided an evidence of nanocrater formation on 
this layer, resulting in an oriented NW growth. When this layer was smaller than 30 nm, 
the epitaxial relation between the substrate and NWs formed. 
In 2009, J. H. Paek et al.[Pae09] reported that GaAs NWs grew with Ga droplet as a 
catalyst via the vapour-liquid-solid mechanism with Si(111) substrate covered SiO2 
native oxide layer, Ts = 580 °C. Authors showed that the morphology of GaAs NWs 
was a effected strongly by As/Ga ratio. When Ga flux increased, the diameter of GaAs 
NWs increased. And on the opposite, when As flux increased, the NW diameter 
decreased, and NW grew faster. The As/Ga ratio controlled the size of Ga droplets on 
the NW tip.  
D. Rudolph et al.[Rud11] in 2011 expressed the advantages of no catalyst for GaAs NW 
growth, due to the possibility for low impurity incorporation, and the ability for 
submonolayer growth control. The SiO2-masked Si(111) substrate was annealed in 20 
minutes at 730 °C and grown at 630 °C. The growth rate of Ga was kept at 0.025 nm/s, 
while As varied from 0.027 - 0.542 nm/s. The authors showed that when the ratio of 
As/Ga < 1, the vapour-liquid-solid mechanism was dominant. In contrast, when the ratio 
of As/Ga > 1, the NWs grew slower with the presence or absence of Ga-droplets on the 
tip with selective area epitaxy growth mode.  
Now, we review vapor-liquid-solid mechanism for GaAs NW growth with external 
catalyst Au and self-catalyst Ga. With using Au as a catalyst, Au droplets exist during 
the growth; therefore the diameters of the NWs can be controlled in the ideal case by 
diameter of the Au droplets assuming that Au atoms do not incorporate into GaAs NW 
trunk. On the contrary, with Ga-assisted NW, Ga acts as a sink for Ga atoms from the 
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source and from the surface due to diffusion, so NW diameter is controlled by several 
parameters such as substrate temperature, As/Ga ratio, growth rate of Ga and As. The 
achieved NW shape can be tapered, invert-tapered or homogeneous. 
 
2.3.1. Au-assisted vapor-liquid-solid mechanism 
Typically, NWs can be grown via vapour-liquid-solid (VLS) mode by using metal 
catalysts such as Au. This mechanism was published by Wagner and Ellis in 
1964,[Wag64] describing the Si NW growth on Si substrate with Au catalyst. Au-Si alloy 
was formed to induce NW growth. During the first stage, Au droplets were placed on 
plane (111) of Si substrate and heated 970 °C to form Au-Si eutectic alloy, this alloy 
acted as a sink to keep arriving Si atoms. Si atoms diffuse into the alloy and crystallize 
at the interface between liquid eutectic and solid phase of Si. 
 
Figure 2.20   Vapor-liquid-solid mechanism of Au-catalyzed epitaxial NW growth: (a) 
Deposited thin layer Au on Si substrate. (b) The formation of Au-droplets 
depending on the maximum surface collection area and processes of adatoms on 
the surface. And (c) the growth of GaAs NWs. 
This mechanism has also been used for GaAs NW growth with Au-catalyst (Figure 
2.20), wherein the eutectic alloy is Au-Ga. A gold (Au) thin layer 0.1 - 5 nm thick has 
been deposited on Si substrate at a certain temperature. This substrate is inserted into 
growth chamber of MBE machine and heated at high temperature for Au-droplet 
formation. Then, Ga and As cells are opened simultaneously in order to grow GaAs 
NWs. After Givargizov,[Giv75] this process follows some steps. First, the gaseous As4 
precursor is cracked into As2 or As at the surface of substrate and incorporate into Au 
droplet at the same time with Ga atoms. Au droplet acts as a sink to contain Ga and As 
atoms. Then, Ga and As diffuse from the droplet to the interface of GaAs NW and Au 
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droplet. The last step is th`e crystallization of GaAs at the liquid-solid interface regime 
due to the supersaturation of Ga and As. GaAs NW with Au droplets is formed. 
 
2.3.2. Ga-assisted vapor-liquid-solid mechanism 
The use of external catalysts (Au) might lead to incorporation of unintentional 
impurities which could deteriorate electronic properties of the grown materials. Later, it 
was demonstrated that, besides using Au catalysts, III-As NWs can be grown via self-
catalyzed growth mode.[Man06,Jab08,Fon08] This technique has received huge attention as it 
provides the NW growth in Au-free environment, avoiding the impurity problem.  
 
Figure 2.21 Phase diagram of Ga-As alloy.  
 
Figure 2.22  Vapor-liquid-solid mechanism of Ga-catalyzed epitaxial NW growth: (a) 
Si(111) substrate with the native oxide. (b) The formation of Ga-droplets 
depending on the maximum surface collection area[Jen04] and processes of 
adatoms on the surface. And (c) the growth of GaAs NWs. 
As shown in Figure 2.21 about the phase transition for GaAs formation, we can 
recognize the boundary between liquid and solid phases and the threshold of transition 
temperature. By working at constant pressure and at constant temperature ~ 650 °C (the 
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red line in the Figure 2.21), when the As percentage increases to the saturated point 
where the red line crosses the liquidus line, the liquid turns partially into a solid state. If 
more As is supplied, the state reaches supersaturation condition, leading to the 
formation of GaAs crystal. 
Si (111) substrates covered with a thin layer native SiO2 were used in order to grow 
NWs. Figure 2.22 depicted the vapour-liquid-solid mechanism to induce the GaAs 
NWs. In the appropriate range of temperature and Ga/As ratio (see in Chapter 04), Ga 
droplets will be formed at nano holes on the surface,[Fon08,Rie12] created when native SiO2 
desorbed at high temperature. Ga atoms and As4, which was cracked to As2, are initially 
adsorbed on the surface, after which these species (Ga and As) undergo either of two 
processes: (i) diffusion along the substrate surface and the NW sidewall to Ga droplet 
and incorporation into the droplet (the circles depicted in Figure 2.22(c)), or (ii) 
desorption from the surface during their travelling. The Ga and As species which 
survived to travelling, incorporate into Ga droplets and then undergo a supersaturation, 
leading to a crystallization at the Ga droplet-NW interface, and to the growth of GaAs 
NW. 
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Chapter 3  
Characterization methods and epitaxial 
growth calibrations  
 
This chapter provides: 
 
+ Some characterization methods in my work, such as Scanning Electron Microscope 
(SEM), Cathodoluminescence (CL), Photoluminescence (PL), Transmission Electron 
Microscope (TEM). 
+ Calibration of the substrate temperature (surface reconstruction)  
+ Calibration of the two-dimensional growth rate of materials on (001) GaAs wafer 
(oscillations of reflection high energy electron diffraction).  
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3.1. Characterization methods 
Many modern technologies have been developed to characterize low dimensional 
nanostructures with high resolution and high sensitivity. Specifically, spatial resolution 
is extremely important for exploring the properties of a quantum structure at the 
nanoscale.[Gus98] In this chapter, some crucial tools used to analyse our NWs will be 
introduced, for example, Scanning Electron Microscope (SEM) for studying NW 
topography, Energy-Dispersive X-Ray (EDX) for analysing the composition of 
elements in NWs, Cathodoluminescence (CL), Photoluminescence (PL), and Time-
Resolved Photoluminescence (TR-PL) for studying optical properties of NWs, 
Transmission Electron Microscope (TEM)  for analysing the structure of materials. 
 
3.1.1. Scanning Electron Microscopy 
When incident electrons arrive at the sample, interaction between the electron beam and 
the sample occurs. As a consequence, some processes could happen to produce the 
emission of Auger electrons, X-rays, backscattered electrons, Cathodoluminescence, 
secondary electrons.  
 
Figure 3.1  Processes induced by interaction between an incident electron beam and a 
solid.[Yac90] 
Electron microscope, including SEM and TEM, using electron with a wavelength 
approximately 10 pm (after accelerated with 10 kV), can achieve the magnification of 
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106. According to the De Broglie, wavelength of an electron is calculated 
by
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The resolution limit of scanning electron microscope nowadays is better than 1nm. This 
is much better than optical microscopy using visible light with wavelength from 700 nm 
down to 400 nm to illuminate the object, which a limited magnification of 1000. SEM 
provides the necessary information of topography and chemical composition of surface 
sample by scanning it with a focused electron beam in vacuum. The electrons interact 
with the atoms in the sample and “emit” secondary electrons (Figure 3.1) which are 
created and escape from within a depth of 50 Å from the surface. The detector collects 
these electrons in a raster scan area, which combined with the position of the beam, 
allowing for the image of the surface to be constructed. Operating at high vacuum, SEM 
must be accompanied by a vacuum pump system. 
Recently Field Emission (FE) electron source has come into the market and has been 
integrated into SEM, making a new system called Field Emission Scanning Electron 
Microscope (FESEM) with better resolution. The electron escapes from the metal tip by 
“tunnelling” with the aid of high electrical field gradient, despite having energy lower 
than the work function of the tip material. FE tip has to operate under high vacuum (10-9 
Torr), an impractical condition until 1966. The reason of such high vacuum requirement 
is that gas molecule adsorbed on the FE tip can increase the work function of the 
material. Nowadays the cost of ultra high vacuum pump is going down, so FESEM has 
become more widely used.  The shape and size of the tip are also critical for FE effect.  
Vacuum inside SEM measurement chamber is achieved and maintained by different 
type of pumps. A mechanical pump can pump the chamber down to 10-5 Torr, however 
below 10-2 Torr its pump efficiency decreases, so a diffusion pump is used to continue 
pumping the chamber down to 10-5 Torr. For pressure down to 10-11 Torr, which is 
required for SEM with LaB6 or field emission electron gun, ion pump must be used. 
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As stated above, when incident electron beam impinges upon the sample, there may be 
several types of interaction between electron and sample. The interactions can be 
categorized into elastic and inelastic scattering. In elastic scattering, the incident 
electrons are deflected off the surface by the nucleus or by the outer electron shell of the 
sample atoms. As the “elastic” indicates, in this scattering the energy change of the 
bounced electrons is negligible, and a wide angle distribution of the scattered electrons 
is obtained. Some of them may be scattered at angle larger than 90o, thus called back 
scattered electron (BSE). Meanwhile, in inelastic scattering, the incident electron loses 
significant amount of energy to the sample atom. The electrons of the excited atoms 
may escape from the sample, making a signal, called Secondary Electron (SE). In 
addition to that, there may be other signals emitted such as characteristic X-ray, Auger 
electron, Cathodoluminescence.   
Among those signals, SE is the most valuable source for SEM system giving useful 
information to reconstruct the topography of the sample surface. This is due to several 
facts. The first one is that SE electron has low energy, typically 2 - 5 eV, so only SE 
close to the sample surface can escape and go to the detector. Therefore, SE gives 
information about a thin layer of a few nanometres from the sample surface. The second 
fact is that with their low energy, they can easily be attracted toward the detector with 
some applied bias.  
Characteristic X-ray emission is used to investigate the chemical composition of the 
sample. Indeed, when incident electrons collide with an electron in the inner shell of the 
sample atom and drive that electron away, an electron from the outer shell of the sample 
atom may fill that empty level. Because of the energy difference between electron state 
in the outer shell and inner shell, the process results in emission of radiation, mostly X-
ray, with quantum energy characteristic for each kind of atom. The outcome X-ray 
spectrum is called Energy-Dispersive X-ray (EDX) spectrum.   
Cathodoluminescene is also a notable source of information about the sample. As 
described in section 3.1.2, this phenomenon and the corresponding signal are used to 
study the optical characteristics of the material with extremely high spatial resolution. 
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3.1.2.  Cathodoluminescence  
Cathodoluminescence (CL), a measurement that can be performed with SEM system, is 
a powerful technique to study the properties of materials without destruction.[Gus06] The 
spot size of electron beam can be decreased to 10 nm2 which is especially important in 
the case of low-dimensional structures. The penetration depth of electron beam can be 
varied from ten nanometers to few micrometers, depending on the incident electron 
energy.  
In principle, when electron beam impacts the semiconductor materials, electrons and 
holes are generated in excess of thermal equilibrium charge carriers. Then, 
recombination processes of electron-hole pairs take place to restore the equilibrium state 
of materials.[Yac04] Recombination centers at various levels of energy in the band gap 
can create radiative and non-radiative processes, in which photons are emitted or not, 
respectively. 
Luminescence is a result of photon emission. It is classified by the source of excitation, 
e.g. photoluminescence for the photon excitation, cathodoluminescence for the cathode 
ray excitation, and electroluminescence for current excitation.  
Cathodoluminescence (CL) system has been used to detect the light emission from the 
material when electron-hole pairs recombine. The excitation source is the SEM electron 
gun. The electrons are accelerated by a high voltage of ten kilovolts. This method has 
many advantages, allowing to study optical properties of most of the semiconductor and 
insulating materials at low temperature (5 K) without destroying the sample.[Gus98]  
The CL equipment is shown in Figure 3.2. The system consists of an electron gun as an 
excitation source. The excitation source is SEM electron beam, thus it can be focused on 
a very small area of few nanometers. SEM signals provide information about the 
topography of the surface. This image is convenient for precise measurement on 
individual NWs with a diameter of 1 - 100 nm.[Gus98] 
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Figure 3.2 Cathodoluminescence system in Néel Institute. 
 
Cathodoluminescence on NW ensemble 
We investigated the optical quality of passivated NWs by studying the CL intensity 
from the photoexcited carriers on the bare GaAs NWs and on the GaAs/AlGaAs core-
shell samples. CL measurements were carried out on an ensemble of more than 30 NWs 
within an area of 5.7 µm ´ 5.2 µm at 7 K. The electron beam was accelerated under 10 
kV, focused into spot with size 2 (10 nm ´ 10 nm) with current of 15 pA. The depth of 
electrons of 10 kV is about 0.5 µm.[Fit07] 
According to Leamy,[Lea82] it takes an average energy of 3Eg to create one e-h pair. 
Therefore, at 10 kV acceleration voltage, the number of e-h pairs formed per incident 
electron can be calculated as: 
pairs)h (e10  2
E  3
10kV  1e
n 3
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=      (3.1) 
If the incident electron current is 15 pA, then the number of incident electrons is: 
selectrons/10
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     (3.2) 
Hence the total number of e-h pairs was: 2 ´ 103 ´ 108 = 2 ´ 1011 e-h/s 
The volume of sample excited by the electron beam was: Vgeneration = 0.01 ´ 0.01 ´ 0.5 
µm3 = 5 ´ 10-17 cm3. 
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The density of generated e-h pairs per second was: 
/spairs/cmh e10  4
10  5
10  2
V
10  2
D 327
17
11
generation
11
CL
pairsh e
-´=
´
´
=
´
= --   (3.3) 
One CL spectrum of side-view NW ensemble which was carried out under this 
condition is shown in Figure 3.3(a) with sample area measurement in the inset of this 
figure. These NWs are GaAs/AlGaAs core-shell structures growing on the Si(111) 
substrate with AlGaAs coverage along the NW trunk and one deposited layer on the 
substrate [Figure 3.3(b)]. CL spectrum of this sample is integrating the emission of 
more than 10 NWs. We receive a broad band with multi peaks from 1.476 eV to 1.57 
eV, corresponding to emission of the GaAs core.[Jah12,Hoa09] Beside, a other broad band 
from 1.65 eV to ~ 1.92 eV, corresponding to emission of the AlGaAs shell with 
composition fluctuation of Al element. The peak positions in this range fluctuate from 
one area to onother. These results will be discussed in Chapter 5. 
 
Figure 3.3  (a) CL spectrum of the side-view NW ensemble in the inset of this figure. 
(b) The core-shell structure of GaAs/AlGaAs NWs. 
Corresponding to each peak in this CL spectrum, we recorded the monochromatic CL 
images at each detection energy shown in Figure 3.4. For Figures 3.4(b,c), these 
energies correspond to the emission of bound exciton and free-exciton of GaAs at 1.476 
eV and 1.503 eV, respectively. Emission areas appear at the core part of each NW. For 
Figures 3.4(d), emission area dominates at top part and weaker at core part. It may come 
from the emission of type II due to the interspersion of ZB and WZ segment along the 
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NW or due to a low Al composition section in the AlGaAs shell. For Figures (e,f), the 
detection energies correspond to the emission of alloy AlGaAs along the NWs. 
 
Figure 3.4  (a) The SEM image of side-view ensemble of NWs growing on Si(111) 
substrate. Some CL images for various detection energies. The dark areas 
correspond to the maximum of photon emission at (b) 1.476 eV, (c) 1.503 eV, 
(d) 1.535 eV, (e) 1.57 eV and (f) 1.65 eV.  
 
Cathodoluminescence on single NWs 
In order to understand in detail the optical emission distribution of the NWs, several 
NWs were broken out of the Si(111) substrate and dispersed on the Si-membrane with 
markers in order to localize easily their position [Figure 3.6(a)]. Individual NW was 
measured under the same condition as ensemble of NWs. CL spectrum in a large 
spectral range of one of the dispersed NWs is shown in Figure 3.5. With 10 NWs for 
this investigation, the position of peak fluctuates from NW to NW. One typical NW is 
showed in inset of Figure 3.5, for which we observe the broad intense emission with 
three peaks centered at 1.467 eV, 1.508 eV, 1.546 eV and one weaker peak at 1.86 eV. 
We assign that the three former peaks corresponding to bound-exciton,[Yu93] free-
exciton, band edge of WZ GaAs[Jah12] or low Al concentration insertion in the shell, and 
the latter comes from the AlGaAs shell with around 25% Al composition.  
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As the same way as side-view measurement, mapping CL images were also detected. 
Figure 3.6(b) visualizes the spatial distribution of emission positions at various 
detection energies along this NW.  
 
Figure 3.5  CL spectrum of individual NW after dispersed on the Au surface. The 
inset is FESEM image of this NW. 
 
Figure 3.6  (a) The SEM image of individual NWs after dispersed on the Si-membrane with 
markers. (b) Results for SEM and CL experiments on the same NW. The 
images in the order from top to bottom are FESEM, SEM in CL, CL mappings 
with different detector energies of one typical GaAs/AlGaAs NW, respectively. 
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The black areas in Figure 3.6(b) exhibit the emission positions at the indicated detection 
energies along the NW. Figures 3.5 and 3.6(b) have a relation of the emission energies. 
The strongest emission is at 1.546 eV, corresponding to the strongest luminescent 
intensity in Figure 3.5. The lowest emission is at 1.82 - 1.91 eV due to the fact that 
almost carriers are captured in the GaAs core or passivated via non-recombination at the 
shell surface.  
CL on individual NWs is also utilized for calculating the diffusion length of generated 
carriers. The e-beam is focused on a small spot and is moved along the NW with ~ 200 
nm-length in order to notice the variation of luminescence intensity with excitation 
position. As will be explained in Chapter 5, the collected luminescence intensity from a 
free GaAs obeys to an exponential function of distance. This relationship will provide 
information of carrier diffusion length.  
 
3.1.3. Photoluminescence 
Photoluminescence is a sensitive technique to analyze the optical characteristics of 
semiconductors, especially dopant or impurity levels lying in the band gap of 
materials.[Yac04] The mechanism about absorption and decrease of the luminescence 
intensity in PL spectrum is explained in Chapter 5.  
In our experiment, the excitation source is a Ti:sapphire laser with power 26 µW = 26 
µJ/s, pulse duration 200 femtoseconds, pulse repetition rate of 76 MHz = 76 ´ 106 
pulses/sec. Energy of one pulse is: 
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Energy of 800 nm photon is: 
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The number of photons per pulse can be deduced: 
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Absorption constant of GaAs a is 104 cm-1, so the absorption depth is x = 1/a = 1 µm. 
Diameter of the laser spot is ~ 3 mm. Therefore, the sample volume excited by the 800 
nm beam is 3 µm ´ 3 µm ´ 1 µm = 6 ´ 10-12 cm3. 
The density of e-h pairs generated per pulse per second is: 
/spairs/cmh e10 
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D 329
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From Equations (3.3) and (3.7), we can see that the rate of generating e-h pairs 
generated in PL measurement is approximately the same as the one excited in CL 
measurement. 
 
Figure 3.7  (a) 45° tilted SEM images of ensemble samples with 0 nm and 175 nm shell 
thickness. (b) PL spectra under excitation 710 nm (1.75 eV) of GaAs/AlGaAs 
core-shell structure with 0nm (dot line) and 175 nm (solid line) shell thickness. 
The PL spectra of bare GaAs NWs (dot line) and core-shell GaAs/AlGaAs NWs (solid 
line) in Figure 3.7 show the difference between these two samples. Note that the 
structure of these core-shell NWs has a thin layer about 5 nm of GaAs covering outside 
in order to prevent the oxidation of AlGaAs. The intensity of multipeaks (bound exciton 
~ 1.48 eV and free exciton ~ 1.51 eV of GaAs) in core-shell structure increased a lot 
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compared to the intensity of peaks in bare GaAs. These results are explained in Chapter 
5. At the same time, we also notice the presence of peaks from 1.54 eV - 1.66 eV due to 
AlGaAs shell with Al alloy fluctuation. 
Time-resolved photoluminescence (TR-PL) has been used to study the lifetime of 
generated carriers. It is a sensitive technology to detect illumination and collect the 
evolution of emission intensity. The measurement of the luminescence intensity as a 
function of time provides information on the decay times. Knowing that the decay times 
are in the order of nanoseconds or picoseconds, and that the luminescence intensity is 
relatively weak. Therefore, a streak camera is mounted into the system. It is a high-
speed detector capable of collecting luminescence decays as short as a few ps. 
 
3.1.4. Transmission Electron Microscopy 
A microscopy technique, where an electron beam transmitted through the specimens 
and interacts with them is called Transmission Electron Microscopy (TEM). The 
collected images are formed after electrons interact with the thin sample (~ 100 nm). 
TEM provides information about the crystal structure and defect states in the materials. 
In this technique, a high-energy electron beam (100-1000 keV) is used; the electron 
beam is focused after passing through the sample by electromagnetic lenses. The optical 
lens system consists of objective, intermediate lens and projector lens for the 
micrograph and the diffraction pattern on the fluorescent screen.  
 
Figure 3.8 a) SEM image of one typical core-shell structure. b) Dark field TEM image 
made on a <111> reflection. The different structures present in the NW, 
cubic zinc blende (ZB), hexagonal wurtzite (WZ) and regions with many 
stacking faults (SF) respectively, are indicated, obtained from high 
resolution TEM images (not shown). 
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The images from TEM were observed because of the diffraction contrast which is due 
either to the structural defects (dislocations), to phase contrast, and/or to contrast of 
mass or thickness. Another TEM imaging technique is High-Resolution Transmission 
Electron Microscopy (HRTEM), also based on the phase contrast to form the 
images.[Yac04] Figure 3.8 is a typical single NW measured by TEM. It showed the 
variation of ZB or WZ structure or the presence of staking faults along the NW axis. 
The interspersion of ZB and WZ structure can confine carriers in type II band 
alignment. And the stacking faults can deteriorate the optical and electronic properties 
of the material.  
 
3.2. Epitaxial growth calibrations  
3.2.1. Surface reconstruction in semiconductors 
The surface of a bulk material consists of a few outermost atomic layers. Its properties 
are extremely different from those of the inner part of the bulk.[Kit05] In this report, we 
refer to GaAs which has the tetrahedral coordination geometry. In bulk materials, one 
Ga or As atom is bonded to four other As or Ga atoms, respectively. An atom lying on 
the outermost layer does not have enough four other atoms surrounding it, so it must 
have uncoupled electrons which are called dangling bonds. Dangling bonds are not 
stable and tend to look for a new coordinate to minimize the free energy of a system. 
This is the driving force of surface relaxation or surface reconstruction. On the other 
hand, rearrangement of broken covalent or ionic bonds will occur on the surface. The 
number of dangling bonds is different in different directions, so reconstruction structure 
is varied via directions. A brief example about (2 ´ 4) reconstruction structure of (001) 
GaAs at ~ 620 °C is described as follows. 
In the ideal lattice of (001) GaAs  wafer surface, the lattice with the view of coordinate 
systems ([110], ]011[
_
) and ([001], ]011[
_
) are shown in Figure 3.9(a). The cell created 
by two vectors a1, a2 is the smallest unit cell which repeated in the lattice crystal. Figure 
3.9(b) showed the (2 ´ 4) reconstruction process in the lattice. In [110] direction, every 
4 times of vector a2 or vector a2’, there is a missing row of As dimers, and is called ´ 4 
reconstruction. In the other direction, [001], As dimers are created, called ´ 2. 
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Surface reconstruction is quite sensitive to the As/Ga ratio and the substrate 
temperature.[Daw90] Therefore, it is a precious indicator of growth condition for 
deposition. In order to see clearly the variation of reconstruction processes, the 
temperature step is adjusted about 1 °C/s.[Oht08] The reconstruction process with 
substrate temperature is showed in 3.2.2. 
 
Figure 3.9  (a) Ideal structure without reconstruction, (b) (2 ´ 4) reconstructed surface of 
(001) GaAs wafer. 
 
3.2.2. Surface reconstruction with temperature  
Determination of the suitable substrate temperature for NW growth was an initial 
important step we had to carry out before the growth. The deoxidation temperature of 
(001) GaAs intrinsic wafer which is sticked onto each molybdenum substrate holder 
(molyblock) were different, so it was very important to determine the threshold 
temperature of all molyblocks. This value was then used for all our experiments. We 
performed two steps: determination of deoxidation temperature and determination of 
threshold temperature where RHEED pattern changed. RHEED patterns, obtained from 
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the results of the diffraction on the GaAs lattice with beam direction [110], are streak 
lines with specific distance on the fluorescence screen.[Pan80] 
The wafer was inserted into the growth chamber and heated up to around 620 °C with a 
ramp rate 20 °C/min, native oxide then desorbed under As flux and RHEED pattern 
appeared on the screen with moving spots during the rotation due to the fact that the 
surface was not smooth at that moment. This temperature (named Tdeox –used for NW 
growth during our work) was maintained for 10 minutes to complete deoxidation 
process. Then, a GaAs buffer layer was grown during 10 minutes in order to flatten the 
surface, and streak lines were obtained in the fluorescence screen. Finally, the (001) 
GaAs – (´ 2) surface reconstruction (or the beam direction of RHEED was [110]) was 
chosen to calibrate the molyblock temperature.  
 
Figure 3.10  Variation of RHEED pattern with [110] direction under different substrate 
temperatures Ts. The first process was decreasing the temperature with rate 5 
°C/mins. At high temperature, RHEED pattern has formed as (a). When 
decreasing Ts, RHEED pattern had the form as (b) with transition temperature 
T1 ~ 560 °C. Continuing to decrease Ts, (c) was obtained with transition T2 at ~ 
540 °C. The second process was to increase the Ts with step 5 °C/mins, we 
obtained the transition at T3 ~ T2 and T4  ~ T1. 
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The second step of calibration process, depicted in Figure 3.10, consisted of two 
processes. The first was to decrease the temperature with slow rate 5 °C/mins due to the 
fact that the surface reconstruction is sensitive to temperature. At high temperature 
(much higher than T1), RHEED pattern appeared, as shown in Figure 3.10(a), with 
streak distance one-fourth of the bulk (1 ´ 1) crystal structure, corresponding to the Ga 
stable state on the surface. As Ts decreases by about 10 °C, the pattern on the screen 
changes [Figure 3.10(b)] with the gradual fade of the middle line, defining T1 as the 
transition temperature. Then, Ts continued to decrease by another 10 °C, and we 
obtained the state in Figures 3.10(c,d) with streak distance one-half of the bulk (1 ´ 1) 
crystal structure, corresponding to the As stable state on the surface. In the second 
process, opposite to the first, the temperature Ts is increased with rate 5 °C/min. As the 
same results, we also obtained the transition Ts at T3 ~ T2 ~ 540 °C and T4 ~ T1 ~ 560 
°C. The average value 550 °C of four transition temperatures was the required 
temperature, named Tave. 
 
Figure 3.11  Surface phase diagram of (001) GaAs  for MBE growth on (001) 2° misoriented 
toward ]111[
_
 As, growth rate 0.7 ML/s for Ts < 630 °C. The surface 
reconstructions are plotted versus both the substrate temperature Ts and the 
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As4:Ga flux ratio expressed by the beam equivalent pressure (BEP) ratio (Data 
from Ref. [Daw90]).[Daw90] 
The surface reconstruction has been studied before,[Pan80, Woo83,Daw90] showing the 
relation of structural reconstruction with temperature and the flux ratio As/Ga. Figure 
3.11 is taken from Ref. [Daw90]. For the ratio of As4/Ga in the range 5-100 (As rich 
condition), we notice the structural reconstruction from (2 ´ 4), (1 ´ 1), (3 ´ 1) to (4 ´ 
2) when substrate temperature increases from ~ 500 - 800 °C. However, in our 
experiment, we also notice the structural reconstruction from (2 ´ 4), (3 ´ 1) to (4 ´ 2) 
when substrate temperature increases from ~ 540 - 560 °C. The difference of this 
temperature window may change from this machine to another. (1 ´ 1) structure may be 
too narrow, so we cannot recognize.  
 
3.2.3. Growth rate calibration  
The next important step after determination of substrate temperature was the 
identification of growth rate of materials. In our work, (001) GaAs wafer was used, and 
the substrate temperature was kept at ~ 620 °C, so that the observed structures can be (2 
´ 4), (1 ´ 1), (3 ´ 1) and (4 ´ 2) structures under As-rich condition as depicted in Figure 
3.11. The (1 ´ 1) structure has rarely been observed due to the fact that the temperature 
at this transition may change too fast. Here, the transitions were the transformation from 
(2 ´ 4) structure of As-rich surface to (3 ´ 1) structure and to (4 ´ 2) structure of Ga-
rich surface.  
In order to notice the reconstruction, we chose RHEED pattern from beam 
direction ]011[
_
, or structure varying from (2 ´) (3 ´) to (4 ´). Typically, RHEED 
oscillations, that we obtained, are showed in Figure 3.12(a), corresponding to RHEED 
pattern in Figure 3.13(a) in As-rich condition. As introduced about the RHEED pattern 
in section 2.2.4, the coverage from 0 to 1 means that one monolayer is formed. A 
monolayer includes a complete Ga atomic layer and a complete As atomic layer with 
thickness equal to a0/2.
[Nea83] The RHEED oscillation amplitude is damped, but the 
period of each cycle is stable [Figure 3.13(a)], so the growth rate is derived from about 
20 cycles. 
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Figures 3.12(a,b) showed the RHEED oscillation of GaAs two-dimensional layer in As-
rich and Ga-rich conditions, respectively. In the As-rich condition, the period is constant 
with the time and RHEED pattern has the form as Figure 3.13(a). Meanwhile, the 
RHEED oscillation is dampened under the Ga-rich condition with the RHEED pattern 
as in Figure 3.13(c).  
 
Figure 3.12  RHEED oscillation due to formation of atomic layers in (a) As-rich and (b) Ga-
rich conditions. 
 
Figure 3.13  RHEED patterns varied from (2 ´) à (3 ´) à (4 ´) at Ts = 620 °C due to the 
surface reconstruction of atoms in the beam direction ]011[
_
 on the (001) GaAs  surface. 
Thus, thanks to the RHEED oscillation in Figure 3.12(a), we can deduce the growth rate 
of two-dimensional (2D) layer in units of ML/s, as well as the nominal Ga deposition 
rate from the source. When the temperature of cells is increased, nominal deposition 
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rate of that material increases and the growth rate of 2D layer also increases at the same 
time. 
As depicted in Figure 3.14, in As-rich condition (≤ 0.11 nm/s in our case), when the 
nominal Ga deposition rate increases, the growth rate of 2D GaAs layer linearly 
increases up to nearly 0.11 nm/s. Under As-rich condition, the (2 ´ 4) structure 
stabilizes[Oht08] and the growth rate of Ga flux is calculated from oscillation. When Ga 
flux increases close to stoichiometry point (As and Ga fluxes are similar), (3 ´ 1) 
reconstruction appears before transferring to (4 ´ 2) reconstruction. When (4 ´ 2) 
reconstruction appears, RHEED oscillations dampen extremely fast due to Ga-rich 
condition [Figure 3.10(b)]. In this regime, the growth rate is constant whatever the Ga 
flux and no oscillation can be seen in the case of too much Ga flux. As a result, the 
growth rate of GaAs was limited by Ga flux in the As-rich regime and was limited by 
As flux in the Ga-rich regime (Figure 3.14). 
 
Figure 3.14  The growth rate calibration of Ga flux in the two-dimensional layer under As-
rich condition (0.11 nm/s in this case) and Ts = 620 °C. Growth rate of Ga flux 
was limited by As. The point which the growth rate of Ga flux is the same as 
that of As flux is stoichiometry.  
The calibrations of Ts and material growth rates were carried out by S. Breuer in his 
thesis.[Bre11] The author used Ts = 580 °C (equivalent to Tdeox), fixed Ga pressure pGa and 
varied As pressure pAs4 from high value in order to see the crystal reconstruction 
transform from As-rich (2 ´ 4) to Ga-rich (4 ´ 2). According to his experiment, the 
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pressure of Ga was supplied at the beginning pGa = 1.6 ´ 10
-6 Torr, corresponding to Ga 
flux JGa = 9.1 s
-1nm-2 (Ga flux JGa is calculated via equation JGa = v/WGaAs, where WGaAs 
= 0.0451 nm3 is atomic volume of pair Ga-As). Pressure of As pAs was set at around 1.6 
´ 10-6 Torr at the beginning and was reduced with a certain pace. In As-rich condition, 
the GaAs growth rate v was constant, or v was limited by Ga flux. When the author 
continued decreasing pAs4, the RHEED pattern changes, corresponding to the 
reconstruction change from As-rich (2 ´ 4) to Ga-rich (4 ´ 2). This change showed the 
stoichiometry point, where JAs =JGa = 9.1 s
-1nm-2, corresponding to pAs4 = 9.7 ´ 10
-7 
Torr.[Bre11] The schematic is shown in Figure 3.15. 
 
Figure 3.15  Calibration of Group III and V fluxes. Dependency of growth rate v on pAs4, as 
determined by RHEED oscillations on GaAs(001). In the As-rich regime, 
identified by the (2 ´ 4) reconstruction, v is limited by the constant Ga flux JGa, 
such that v = JGa WGaAs. In the Ga-rich regime, the reconstruction changes to (4 ´ 
2) and v depends on pAs4. At the threshold marked by a vertical line, identical 
fluxes of both species are incorporated and JAs = JGa. Insets show RHEED 
patterns for both regimes obtained in the [110] azimuth.[Bre11] 
As a consequence, either fixing Ga or As and varying the other species, the change of 
reconstruction on the surface from As-rich condition to Ga-rich condition, 
corresponding to the change of RHEED patterns, is an important key in order to 
determine the growth rate or flux J of As. In addition, at Ga-rich condition, RHEED 
oscillations dampen very fast, so the determination of Ga flux needs to be carried out in 
As-rich condition. 
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Chapter 4  
MBE growth of Ga-assisted GaAs 
nanowires on Si(111)  
Semiconductor NWs have gained an increasing interest as a promising building block 
for future nanotechnologies in various domains ranging from nanoelectronics, 
nanophotonics, to biotechnology.[Lie11] One notable characteristic of the NWs is an 
efficient strain management caused by their extremely large surface to volume ratio, 
offering a flexible route for strain engineering and material combination in complex 
heterostructures. This advantage provides an alternative way to integrate compound 
semiconductors such as III-As on cost-effective Si substrates, which is beneficial for 
achieving high performance optoelectronic devices based on Si technology. Typically, 
III-As NWs can be self-assembly grown in presence of Au catalysts, via a vapor-liquid-
solid (VLS) mechanism by using standard epitaxy techniques.[Wag64] However, Au is 
known to be a detrimental impurity in Si, limiting integration of those nano-objects on 
Si platforms. To overcome this challenge, there have been great attempts to develop the 
NW growth in Au-free environment.[Wan06,Fon08] 
Recently, it was demonstrated that Gallium droplets could replace Au to induce the 
VLS growth of GaAs NWs by using molecular beam epitaxy (MBE).[Fon08] It is also 
possible to realize these Ga-assisted NWs on the surface of either oxide covered GaAs 
or Si substrates.[Jab08,Kro10,Cir10,Pli10] Owing to its high potential in creating high purity III-
As NWs, such a gold-free growth mechanism, especially on Si substrates, must be well 
understood enlarging the degree of freedom to control the NW properties. Lately, there 
have been a few works focused on studying the growth behavior of Ga-assisted NWs; 
however,[Col08,Rud11,Kro12] several questions remain open. For example, even though the 
effect of the substrate temperatures on the NW morphology was reported in Ref. 
[Kro10,Cir10], the roles of diffusion and desorption which are determined by the 
growth temperature were not evidenced. It was shown that As flux is a key parameter 
for the NW axial growth,[Col08] but the maximum limit was not clearly quantified as the 
As incorporation rate was not measured. D. Rudolph et al.[Rud11]  showed however the 
maximum limit of As flux for VLS growth via the change of mechanism growth from 
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VLS with catalytic (NWs grew faster than the corresponding 2D layer of As supply or 
the axial growth was limited by As flux) to VLS with noncatalytic (NWs grew slower 
than the corresponding 2D layer of As supply or the axial growth was limited by Ga 
flux) when As/Ga flux ratio changed from Ga-rich to As-rich, by exposing the NWs to 
the As4 source while Ga flux was turned off. In addition, despite intensive discussions 
on the contribution of Ga and As adatom diffusion to the axial 
growth,[Cir10,Pli10,Col08,Rud11] the diameter dependent axial growth rate was not 
experimentally demonstrated and compared with  theoretical models, unlike the case of 
Au-catalyzed NW growth.[Xia10,Zha10] 
In order to fulfill the missing knowledge in literatures, we perform detailed and 
systematic investigations of Ga-assisted NW structural evolution as a function of MBE 
growth parameters such as substrate surface treatment, substrate temperature, As/Ga 
ratio, and deposition rate. 
 
4.1. Experimental setup  
Before the NW growth, the substrate temperature was calibrated via the deoxidation 
temperature Tdeox and then the growth rates of materials were determined via RHEED 
intensity oscillations (see section 3.2). The nominal Ga deposition rate was measured on 
separated (001) GaAs substrates via Reflection High-Energy Electron Diffraction 
(RHEED) intensity oscillations at the substrate temperature of 620 - 640 °C. The 
deposition rate of As atoms was approximately similar to that of Ga atoms which 
induces the RHEED pattern transition from (2 ´ 4) As stabilized to (4 ´ 2) Ga stabilized 
surface.[Daw90,Dob82] Using this calibration, we could measure the actual incorporation 
rate of As atoms into the growing GaAs. 
In our experiments, Si(111) substrates (doped with P) covered with native oxide, with 
resistivity less than 0.02 Wcm, cut into pieces of ~ 2 cm ´ 2 cm, were used. All 
substrates were glued at the center of molyblock (MOB) by Indium and then preheated 
at 300 °C in introduction chamber about 30 minutes in order to remove contamination 
before loaded in the growth chamber. Ga-assisted GaAs NWs were grown on these 
substrates using solid source MBE Riber32P equipped with a conventional As4 source. 
Prior to the NW growth, an annealing temperature higher than Tdeox was intentionally 
chosen to create a discontinuity in the oxide layer rather than to completely desorb it 
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from the surface.[Wat97,Nit99] Then, the substrate temperature was reduced to the growth 
temperature, and then Ga and As fluxes were simultaneously deposited on the surface.  
For the NW growth, we used Ga deposition rate in the range of 0.1 - 0.7 ML/s, As/Ga in 
the range of 0.5 - 5, substrate temperature Ts in the range of 480 - 680 °C. These 
parameters were in the range of some studies.[Rus12,Kro13] Ts was set at a value during the 
growth time and quenched after completing the growth. Figures 4.1(a,b) show the 
RHEED patterns of GaAs NWs after growth under Ts 620 °C for 45 minutes with 
impinging of electron beam along the ]211[
_
 and ]011[
_
 orientation, respectively.[Bre11] 
 
Figure 4.1 RHEED patterns after completing the NW growth on Si(111) substrate when 
electron beam impinged in crystal GaAs along the (a) ]211[
_
 and ]011[
_
.[Bre11] 
The NW structural properties were probed by using field emission scanning electron 
microscope (FESEM) and transmission electron microscope (TEM). The average length 
and diameter of the NWs were statistically measured from the side-view SEM images of 
at least 100 wires from each sample. The error bar is the standard deviation of the length 
and diameter distribution. The NW density of each sample was analyzed from the top-
view SEM images of 10 ´ 10 µm2 from different areas on the surface. 
In case the Ga and As fluxes are deposited on Si(111) immediately after the substrate is 
transferred into the main chamber, the GaAs NWs are not vertical aligned to the 
substrate as shown in Figure 4.2(a) although we also notice some thin vertical NWs 
perpendicular to the Si(111) substrate. From the statistic of around 100 NWs from some 
SEM images, more than 50% of non-vertical NWs, with large diameter ~ 200 nm, are 
observed together with a thick GaAs layer on the surface. They made an angle with 
(111) plane in range of 33 - 69°. According to the results of Fontcuberta i Morral et 
al.[Font08], it remained a epitaxial relation between the substrate orientation and growth 
 58 
 
direction. As a consequence, the oxide layer in our substrates affected the growth 
direction of NWs. Therefore, we suggested two methods in order to remove this oxide 
layer as explained below. 
 
4.2. Substrate treatment processes 
As noticed in Ref. [Fon08] about the role of SiO2 layer on (001) GaAs substrate in NW 
growth, for oxide layer thicker than 30 nm, NW density was low and there was no 
relationship between the orientation of substrate and NW growth direction. On the 
contrary, for oxide thickness less than 30 nm, an epitaxial relation between substrate 
and NW was formed and nucleation position of NWs was located at nanocraters 
generated on this oxide layer.  
Talking about the influence of the substrate crystallographic orientation, we review 
some experiments carried out by I.P.Soshnikov et al.[Sos07] concerning the effect on 
vertical alignment of GaAs NWs. The GaAs NWs were grown on both Si(100) and 
Si(111) substrates by MBE system using Au-assisted catalyst at a growth temperature of 
560 °C and under As-rich condition, after annealing at 830 °C in order to remove the 
oxide layer on the surfaces. For Si(111) substrates, the maximum length could reach up 
to 20 µm, the NWs density was from 105 to 5 ´ 109 cm-2 and the growth orientation was 
perpendicular to the substrate. For Si(100) substrates, the length could reach 10 µm, the 
NWs density was from 105 to 5 ´ 108 cm-2 and the growth orientations were the four 
[111] directions, some NWs lied on (110) plane and made an angle with the normal of 
(100) plane of approximately 15°, 19°, 25°, 35°.[Sos07] These experiments evidence that 
the orientation of the substrate surface is one of the parameters which strongly influence 
the NWs characteristics (morphology, orientation,…). 
Apart from the substrate orientation, the substrate surface treatment should also affect 
the NW morphology.  In our experiments, we performed two different ways of substrate 
surface treatment prior to the NW growth as following: 
 
i) Chemical treatment: HF passivation 
The Si(111) substrate was dipped into hydrofluoric (HF) acid with the ratio 98:2 
between HF and deionized water (DI) to remove SiO2, then transferred to the growth 
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chamber. The obtained GaAs NWs are vertically aligned with low density, as shown in 
Figure 4.2(b). 
 
ii) Heat treatment 
After inserted into main chamber, the substrate was heated to Tdeox = 620 °C during 20 
minutes in order to remove SiO2 on the substrate surface. Then we continued heating the 
substrate temperature higher than Tdeox (670 °C) to ensure removing SiO2 and make 
thinner the oxide layer. The temperature substrate profile is shown in Figure 4.2(d). 
This process took 50 minutes before the material deposition. The obtained GaAs NWs 
ensemble is vertically aligned with a density much higher than in the previous case 
[Figure 4.2(c)]. 
 
Figure 4.2 GaAs NWs grew on Si(111) substrate (a) without any substrate treatment (b) 
with  HF/H2O  (98/2) for 2 minutes and (c) with heat treatment profile shown in 
(d) Profile of temperature treatment before the growth process. These NWs 
have GaAs/AlGaAs core-shell structure; therefore, there are no droplets on the 
top of these NWs (see Chapter 5). 
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Concerning the chemical treatment described in Procedure (i), although all NWs are 
vertical, a thick GaAs layer on the Si substrate is also observed [Figure 4.2(b)]. This 
morphology shows that the hydrofluoric acid strongly consumed the native oxide on 
substrate surface, leaving no nucleation site for NW growth.  
Concerning the NW morphology grown under the same parameters of two previous 
samples, but with different substrate treatment process [Figures 4.2(c,d)], we perform a 
statistical analysis on more than 100 NWs in some different areas: more than 50% NWs 
are vertical to the substrate surface and their density is large, in the range of 108-109 cm-
2. Therefore, we can interpret that at high temperature for substrate treatment in 
Procedure (ii), native oxide is removed partly, and possibly leads to the formation of the 
nano holes in the SiO2 layer. As mentioned in Ref. [Fon08], these nano holes play an 
important role for the nucleation of Ga droplets inducing the GaAs NW growth. We 
used this substrate treatment condition for all subsequent experiments. 
 
4.3. Effect of growth parameters on GaAs nanowire morphology 
As mentioned above, there remains a large window of deposition parameters for GaAs 
NW growth, such as substrate temperature and As/Ga flux ratio. These growth 
parameters strongly affect the NW morphology, namely length, diameter, and density 
due to the variation of kinetics mechanism on the surface. In order to better understand 
these effects, we investigate the NWs grown under the systematic variation of these 
parameters. 
 
4.3.1. Effect of the growth temperature 
In this series, GaAs NWs were grown under different substrate temperature, varying in 
the range of 480 - 660 °C (Table 4.1). The nominal deposition rates of Ga and As fluxes 
were fixed at 0.1 ML/s and 0.2 ML/s, respectively while the deposition time was fixed 
at 45 minutes. The nucleation time (tnucleation), reported in Table 4.1, is the time showing 
the transform of morphology from streaky Si(111) pattern to spotty pattern due to the 
fact that GaAs NWs are formed.[Rud11] No clear dependence of this time with the 
substrate temperature was deduced. 
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Table 4.1 The various substrate temperature Ts for NW growth under As flux pressure PAs 
= 6.5 ´ 10-7 Torr, and Ga flux pressure PGa = 4.4 ´ 10
-8 Torr. 
Sample AS0269 AS0270 AS0273 AS0274 AS0278 AS0279 AS0282 AS0283 
Ts(°C) 480 520 560 600 610 620 640 660 
tnucleation  3min 1min 1min 1min 30s 40s 55s 35s 
Step by step, we analyze the change of length, diameter, and density of this series as a 
function of substrate temperature using the SEM images. Then, we investigate the 
relation between NW length and diameter, and obtain some information concerning the 
growth mechanisms (diffusion length, supersaturation effect). 
 
Evolution of NW morphology versus growth temperature 
The representative side-view and top-view SEM images shown in Figures 4.3(a-c,b-d) 
present GaAs NWs grown at 520 °C and 640 °C, respectively. The SEM images exhibit 
the appearance of vertical NWs when the substrate temperature is from 600 °C up to 
660 °C. Some NWs crawling along the surface are present in all samples. 
 
Figure 4.3  Side-view and top-view SEM images of Ga-assisted GaAs NWs grown at (a,c) 
520 °C and (b,d) 640 °C. Symbols * in (c) are droplets on the clusters. 
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On Figure 4.3(c) corresponding to low substrate temperature 520 °C, beside the non-
vertical NWs, there are clusters, connecting to the droplets on the surface (mark * on the 
Figure). These clusters are the accumulation of more than one crawling NW, which 
grow parallel to the substrate, leading to bigger droplets in comparison to droplets on 
the NW top. This result is different from the morphology of NWs grown at high 
temperature. At the growth temperature above 600 °C, the NWs usually show slightly 
invert-tapering shape, implying the expansion of Ga droplets during the growth. This 
growth behavior indicates less amount of available As atoms than the arriving Ga ones. 
Although the growth temperature strongly influences the NW morphology, we found 
that it has a negligible effect on their crystallographic structure, consistent with Ref. 
[Kro12]. Figures 4.4(a,b) show the TEM and high resolution TEM (HR-TEM) images 
respectively of a GaAs NW grown at 620 °C. The inset in Figure 4.4(a) shows the 
hexagonal shape of the NW. There remain twin planes along the axis of GaAs NWs. 
These twin planes may affect the optical and electronic properties of the NW, and can 
possibly deteriorate the performance of the corresponding devices,[Alg08] for example, 
the mobility of charge carriers is known to be reduced due to trapping at these twin 
boundary areas. 
 
Figure 4.4 (a) TEM image of one GaAs NW with hexagonal shape of interface between 
trunk and droplet (the inset), (b) HR-TEM image of one area in (a) showing the 
twin planes. 
In order to understand the evolution of NW morphology with substrate temperature, the 
density of NWs and droplets are extracted from top-view SEM images. Figure 4.5(a) 
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presents the density evolution of the non-vertical and vertical NWs summarized as a 
function of substrate temperature. 
 
Figure 4.5 Effect of substrate temperature: (a) The density of vertical (▲) and non-vertical 
NWs (■), (b) the droplet density on the surface of samples plotted as a function 
of substrate temperature. Data are extracted from SEM images. 
Both the density of the NWs [Figure 4.5(a)] and the density of Ga droplets [Figure 
4.5(b)] decrease from 109 to 108 cm-2. This evolution suggests an increasing material 
desorption at high growth temperature. By contrast, different from the overall density 
evolution, vertical NWs become observable at around 600 °C and their density increases 
with the substrate temperature. Considering that the GaAs NWs grow along [111]B 
direction, as observed from TEM  images,[Mat12,Her12] the NW growth front implies an As 
terminated (111) surface below the Ga droplets; that is, As atoms most probably 
substitute the outermost layer of Si(111).[Tom08] The increasing density of the vertical 
NWs as a function of substrate temperature indicates that the formation of such an 
interface is enhanced at high growth temperature.  
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Figure 4.6 Effect of substrate temperature: (a) Average length and (b) diameter of non-
vertical (■) and vertical wires (▲) plotted as a function of substrate 
temperature. Data are analyzed from SEM images. 
NW lengths and diameters were measured from more than 150 NWs for each sample in 
side-view SEM images. The average length and diameter of the vertical and the non-
vertical NWs are plotted as a function of the substrate temperature on Figures 4.6(a,b). 
These values increase to maximum, when the growth temperature is raised up to 600 - 
620 °C and then they tend to decrease. At the growth temperature higher than 700 °C, 
the material growth is not possible at least in the used deposition rate. This structural 
evolution evidences both thermally enhanced and thermally limited growth regimes of 
the NWs,[Tch07,Dub08] ascribed to the effects of diffusion and desorption processes, 
respectively. 
From Figures 4.6(a,b), the vertical aligned NWs show a smaller diameter, a longer 
length and a narrower length distribution [Figure 4.3(b)] in comparison to the tilted ones 
formed under the same conditions. The difference points-out at the influence of the NW 
axis in respect to the direction of the deposited beam flux:[Dub12] the inclination of NW 
axis toward the substrate surface increases the probability of the sidewall deposition, 
providing higher adatom concentration in this area. This fact possibly suppresses the 
growth in the axial direction while enhancing the growth in the lateral one. By contrast, 
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higher length uniformity of the vertical NWs shows that their axial growth rate reaches 
the maximum limit set by the number of impinging As atoms on the droplet surface. 
During the nucleation stage, the impinging Ga atoms perform a thermal activated 
random walk on the substrate surface. The collisions between these diffusing adatoms 
lead to the formation of nuclei of Ga droplets. Below 620°C, where the Ga desorption 
process is insignificant, raising the growth temperature increases the diffusion length of 
the Ga adatoms, allowing them to attach to the existing droplets rather than nucleating 
new ones. Such a surface kinetic could enlarge the droplet size which determines the 
wire diameter at the early stage of the NW formation, in other words, the stationary 
concentration of the material in droplet increases with temperature.[Day13] At the growth 
temperature above 620 °C, the dominant desorption process reduces the residence time 
of adatoms on the surface, leading to a significant material loss and a shorter effective 
surface diffusion length. This effect explains a reduction in the NW density, droplet 
density [Figures 4.5(a,b)] and a smaller diameter of the droplets which later activate the 
NW growth [Figure 4.6(b)].  
After the Ga droplets reach a supersaturation condition, the NW growth proceeds by 
consuming the material directly deposited on the wire top and the one diffusing through 
the NW sidewall to their apex.[Sch04,Dub05,Day09,Joh05] Below 620 °C, the NW length 
increases with the growth temperature [Figure 4.6(b)] revealing that more material 
participates in the NW axial growth, which is induced by a thermally enhanced 
diffusion. Above 620 °C, the monotonic decrease of the NW length as a function of 
growth temperature is attributed to the strong material desorption, which causes less Ga 
and As atoms contributing to the growth. 
Here, we found that the maximum NW axial growth rate is around 8 times faster than 
the nominal As deposition rate (measured for the 2D growth). By considering only a 
simple geometric effect assuming a spherical shape droplet and a cylindrical shape NW, 
this obtained factor is consistent with the ratio between the surface area of the Ga 
droplet exposed to the impinging atoms (S2) and the cross-section area of the growing 
NWs below the droplets (S1). This geometric ratio (A) is around 8, which is 
approximated by using the contact angle of Ga droplets q equals to 140° measured from 
SEM images of at least 100 wires (Figure 4.7). These values are calculated as 
following: 
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where rdroplet is radius of droplet, rw is radius of NW, h is height of droplet from interface 
of droplet and NW (0 ≤ h ≤ 2rdroplet).Or geometric factor A is calculated via Equation 
4.2: 
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Figure 4.7 (a) Schematic of droplet with height h from the NW interface, where S1 is cross-
section of NW, S2 is curved area of droplet (dark color), rdroplet is radius of 
droplet, rw is radius of NW, h is height of droplet from interface of droplet and 
NW. (b) The contact angle q measured from SEM image. 
 
Table 4.2  Some experimental values of rdroplet, rw of temperature variation substrate series 
and corresponding geometric ratios, calculating from Equation (4.1). 
Ts (°C) 480 520 560 600 610 620 640 660 
rdroplet (nm) 28 46 45 59 57 57 57 51 
rw(nm) 19 27 27 42 36 40 39 34 
S1 (nm
2) 1134 2290 2290 5542 4072 5027 4778 3632 
S2 (nm
2) 8621 23989 22902 37071 36172 35098 35456 28519 
S2/S1 8 10 10 7 9 7 7 8 
Note that, in our case, the angle between the direction of As flux and the NW growth 
axis is around 30°; thus, the surface of Ga droplet is mostly exposed by As flux. Such an 
agreement quantitatively suggests that most of As atoms adsorbing on Ga droplet 
surface contribute to the NW axial growth, while the As diffusion is insignificant. 
Besides confirming that As flux is the limiting parameter, the maximum possible axial 
growth rate can be determined a priori from the supplied rate of As atoms and the 
geometric ratio. This conclusion will be confirmed in the section for the As/Ga ratio. 
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The relationship between NW axial growth and diameter 
In order to compare the diffusion length of Ga adatoms on the surface (λs) which 
represents the NW growth kinetics in our growth temperature range, we consider the 
data taken from the tilted NWs which are always found on the substrate surface in any 
growth conditions. Since this model neglects the contribution of the sidewall deposition, 
the extracted diffusion lengths are considered as effective values which can be relatively 
compared between growth temperatures. Only Ga adatom diffusion is considered, since 
As diffusion length is negligible. Figure 4.8(a) shows the relation between the axial 
growth rate and the diameter of the tilted NWs grown at 480 °C (blue dots) and 600 °C 
(red squares). The vertical error bars describe one standard deviation of the axial growth 
rate of the NWs which have the same diameter. The lateral error bars represent the 
estimated resolution of SEM measurement used for our analyses. The axial growth rates 
of the two cases show one maximum at a certain diameter range, similar to what was 
observed in the case of Au induced GaAs NWs. 
 
Figure 4.8 (a) Axial growth rate and diameter relationship of the GaAs NWs grown at 480 
°C (·) and 600 °C (■). The blue and red dash lines are the least square fit to the 
average data points using λs = 60 nm, ∆µ∞ = 0.21 kT, and λs = 112 nm, ∆µ∞ = 
0.15 kT for 480 °C and 600 °C, respectively, where k is Boltzmann constant 
and T is substrate temperature. (b) and (c) show the summary of λs, and ∆µ∞ as 
a function of substrate temperature. The grey dotted lines are for eye guiding. 
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Figure 4.8(a) shows that the NW axial growth decreases when the NW diameter 
increases in case of NW diameter larger than 40 nm. Otherwise, in case of NW diameter 
smaller than 40 nm, we found that NW length decreases when the NW diameter 
decreases. We consider two kinds of effects to explain this behavior: a diffusion one 
which limits the Ga concentration at the growth front of the NW, and a supersaturation 
one (Gibbs-Thomson effect) which changes the driving force for the growth. 
 
i) Mass transport or diffusion model 
Similar tendency was reported in several reports concerning the diffusion 
effect.[Sch04,Jen04,Dub05] Let us first consider a very simple model about mass conservation 
of materials with some assumptions: (i) no adsorption at the sidewall, (ii) all atoms, 
collected on the given 2D surface around the NW arrive to the droplet interface and 
contribute to the growth, and (iii) this process occurs very fast. There is a capture cross 
section area (Sw) surrounding each NW base with maximum diffusion length ls (see 
Figure 4.9).[Jen04] Notation rw is NW radius, d is density of atom on the surface (unit 
atoms/cm2). The number of atoms ns coming from the source consists of all atoms in 
this area plus atoms in droplets (assume the droplet has hemisphere shape): 
ns = d ´ (Sw + Sdroplet) = d ´ [(ls + rw)
2p - rw
2p + 2rw
2p]  (4.3) 
At a period of time Dt, ignoring the material impinging to NW sidewall, all atoms in 
area of capture cross section will move to droplets and contribute to the NW length with 
length Lw with volume Vw and density d´, so the number of atoms in this volume is also 
ns: 
ns = d´ ´ Vw = d´´ Lw ´ rw
2p    (4.4) 
From Equations 4.3 and 4.4, we have: 
d ´ [(ls + rw)
2p - rw
2p + 2rw
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Equation 4.5 expresses that when rw is huge, Lw will be small. In other hands, with 
diffusion effect, after the same period of time, NW with small radius will grow longer 
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than the one with large radius. Although this model describes the basic tendency of our 
data (dots and squares in Figure 4.8(a)), we cannot deduce the value of supersaturation 
degree of As in Ga droplet. 
We go one step further by considering that the mass transport is limited by the diffusion 
of adatoms onto the surface. We used the model developed by J.Johansson et al.:[Joh05 It 
originates from diffusion equation of the variety of adatom concentration ns on the 
surface: 
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with  D is coefficient diffusion 
 t is the life time of adatom on the surface  
Rdep is the arrival rate of adatom on the substrate surface which is 0.1 ML/s in 
our case 
The Laplacian is given by: 
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At stationary state 
( )
=
¶
¶
t
tr,n s 0, and with boundary condition ns(rw)  = 0 (the fact that all 
Ga adatoms after gathering at base NW diffuse quickly to the droplet), Equation 4.6 has 
solution in term of modified Bessel function K0 of the second kind of the zero order: 
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With the Ga surface diffusion length on the surface Dτλs = .  
The material flux J, from surface to droplet, is defined via Equation: 
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where K1 is the modified Bessel function of the second kind of the first 
order, )()( 1
'
0 xKxK -= . 
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Figure 4.9  The schematic of mass transport during the growth. Ga adatoms in capture cross 
section area Sw with maximum diffusion length ls diffuse to the NW base and 
move to the droplet with flux J. The height of NW is z = Lw, radius is rw.  
Assuming that no adsorption occurs on the sidewall and all the material flux from the 
surface arrives to droplet (Figure 4.9). The development of length is contributed by two 
factors coming to droplet: one is material flux from the surface (
2
w
GaAsw
r
r2
J
p
p W
, where 
WGaAs atomic volume of GaAs) and the other is the direct impingement flux to droplet 
(RdepWGaAs). Therefore, we have:  
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where the atomic volume of ZB GaAs is calculated with some parameters of ZB GaAs, 
density D at 30 °C is 5.3176 g/cm3, molar weight M is 144.645 g/mol: 
ΩGaAs=  
21
23
A
10
106.022
1
5.3176
144.645
N
1
D
M
´
´
´=´ = 0.0451 nm3 
Equation 4.10 explains that the increment of NW radius leads to reduction of the axial 
growth rate. 
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ii) Gibbs-Thomson model 
The second effect which could control the NW growth is the change of supersaturation 
into the droplet when its radius is very small, corresponding to NWs with the diameter 
smaller than 40 nm in our data. This phenomenon called Gibbs-Thomson effect could 
be important in vapor-liquid-solid mechanism.[Giv75] S.A.Dayeh and S.T.Picraux showed 
the relation of diameter and size of droplet via the NW diameter rw and the 
supersaturated state Dµ(rw).
[Day13] 
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where WGa is atomic volume of liquid Ga. It is calculated with some parameters of Ga 
liquid, density D at 30 °C is 6.095 g/cm3, molar weight M is 69.723 g/mol, Avogadro 
number NA is 6.022 ´ 10
23 mol-1: 
ΩGa = 
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Surface energy of Ga liquid σ = 0.674 J/m2 and supersaturated state Dµ(rw) is due to the 
difference of chemical potentials via Equation 4.12, and Dµ¥ expresses the 
supersaturation state of As in Ga droplet with an infinite radius of curvature: 
∆µ(rw) = µv - µs ≈ µl - µs º kTln(P/P0(NW))   (4.12) 
∆µ¥ º kTln(P/P¥)      (4.13) 
where µv, µs, µl are chemical potential at vapor, solid, liquid state, respectively. kT is 
the thermal temperature, P is the supply pressure, P¥ is As vapor pressure in Ga liquid, 
and P0(NW) is the equilibrium partial pressure of As in Ga liquid, which expressed as 
follow: 
kTr
2
0(NW)
wPP
sGa
e
W
¥=      (4.14) 
Equation 4.11 portrays that when NW diameter rw is small, the second term of right 
hand becomes large, leading to reduction of supersaturation ∆µ(rw). As consequence, 
the growth rate of NW decreases. NW is only grown when its corresponding radius of 
droplet reaches a critical value rc. This value is derived from Equation 4.11 as Dµ(rw = 
0) = 0.[Giv75,Day13] 
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Equations 4.11 can be rewritten: 
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    (4.16) 
The ratio 
w
c
r
r
 is noted g and corresponds to parameter representing the Gibbs-Thomson 
effect. Its value is in the range of [0,1]. 
 
iii) Model for Gibbs-Thomson and diffusion effects 
Finally, following the work of Fröberg et al., we combine the two effects described 
before in order to account for our data.[Fro07] In this approach, it is always assumed that 
the diffusing adatoms which arrive at the NW base could travel up along the wire 
sidewall toward the Ga droplet on the wire top. They originate from the same diffusion 
equation as before (Equation 4.6), but it was solved with different boundary condition. 
At stationary state 
( )
=
¶
¶
t
tr,n s 0, and with boundary condition ns(rw)  = gRdept, where 0 ≤ 
g ≤ 1 is dimensionless parameter, showing the relation of adatom concentration in the 
NW base and one far from the NW base. Considering no limitation due to the diffusion 
along the NW facets, this boundary concentration is identical to the one at the NW top 
and consequently related to the supersaturation g into the droplet. 
Equation 4.6 has solution in term of modified Bessel function K0 of the second kind of 
the zero order: 
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with Dτλs = .  
The material flux J, from surface to droplet, is calculated as following: 
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sw1
dep
rr
s
λrK
λrK
γ1λR
r
(r)n
DJ
w
-=
¶
¶
=
=
    (4.18) 
As previously, the growth rate of NW is calculated as following: 
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If g in Equation 4.19 is constant, this Equation becomes Equation 4.10 of only diffusion 
process with two terms in the hand side, corresponding to diffusion of materials from 
the surface to droplets (the first term) and direct impingement material from the source 
(the second term). But the data in Figure 4.8(a) shows two tendencies of Gibbs-
Thomson and diffusion effects. Thus, g could be a function of rw in order to portray the 
Gibbs-Thomson effect. Combining g and the function of rw in Equation 4.16, we have:  
¥
=
Δμr
σ2Ω
γ
w
Ga       (4.20) 
Equation 4.19 is used for fitting the average experimental data points with λs and ∆µ∞ as 
fitting parameters. These fitting curves (two solid lines in Figure 4.8(a)) can describe 
the diameter-dependent axial growth rate fairly well. Figure 4.8(b) summarizes the 
extracted λs and ∆µ∞ as a function of the growth temperature. Below 620°C, the 
monotonic increase of λs from 60 nm to 110 nm is consistent with the thermally 
enhanced diffusion regime of the NW growth while the systematic decrease of ∆µ∞ 
from 0.21 kT to 0.14 kT is ascribed to the increasing As vapor pressure in Ga liquid. In 
contrast, at the growth temperature higher than 620 °C where the NW growth is 
determined by the desorption limit diffusion process, the extracted λs decreases 
downward to 70 nm at 670 °C, agreeing with the enhanced desorption rate at this 
temperature regime (620 - 670 °C). The ∆µ∞ obtained from the fitting is scattered in a 
small range between 0.14 kT - 0.16 kT. 
 
4.3.2. Effect of the As/Ga ratio  
To gain more insight into the NW growth kinetics, different supersaturation conditions 
were investigated. The growth conditions which are used for this series correspond to 
the Ga flux from 0.1 to 0.7 ML/s with step 0.1 ML/s while keeping the As deposition 
rate at 0.48 ML/s. In other words, the As/Ga ratios were between 4.8 - 0.7 (Table 4.2). 
The NW growths of all the samples are carried out on ~ 4 cm2 of Si(111) substrate at 
640 °C for 45 minutes. All the samples were rotated during the growth. 
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Table 4.2 The growth conditions of As/Ga ratio series, the As flux was fixed at 2 ´ 10-6 
Torr, corresponding to the growth rate 0.48 ML/s, the Ga flux was varied from 
0.1 to 0.7 ML/s. 
Sample AS0275 AS0272 AS0271 AS0276 AS0277 AS0280 AS0281 
RGa (ML/s) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
TGa cell (°C) 850 875 892 903 912 921 929 
PGa (´ 10
-6 Torr) 0.045 0.075 0.11 0.14 0.16 0.2 0.23 
As/Ga ratio of ML 4.8 2.4 1.6 1.2 0.96 0.8 0.7 
 
Evolution of NW morphology versus As/Ga ratio 
Figures 4.10(a-d,b-e,c-f) are side view and top view SEM images of the NWs grown at 
As/Ga ratio of 4.8, 2.4, and 0.7, respectively. The analysis from SEM images of more 
than 150 NWs from each sample, about the length and diameter are shown in Figures 
4.11(a,b), respectively. We found that the NW length does not monotonically vary with 
the As/Ga ratio. At the highest As/Ga ratio 4.8, remarkably thin and short GaAs NWs 
are observed [Figure 4.10(a)], and the area coverage of GaAs on surface is small [Figure 
4.10(d)]. With As/Ga ratio in the range of 1.5 - 2.4, highly uniform and the longest NWs 
are obtained, with the axial growth rate roughly 8 times of the supplied rate of As atoms 
[Figure 4.10(b)]. When the As/Ga ratio was less than 1.5, the NW diameter became 
larger, and the NWs exhibited invert tapered shape [Figures 4.10(c), 4.11(b)], the area 
coverage of GaAs on surface was large [Figure 4.10(f)]. For Ga-rich condition (As/Ga = 
0.7), many big droplets (marked * in Figures 4.10(f)) are accumulated with the time due 
to the fact that the As amount is not enough for GaAs crystallization. In addition, the 
large area coverage leads to the reduction of life time of adatoms on the surface, or 
reduction of diffusion length of adatoms. 
At the highest As/Ga ratio, Ga droplets are still observable on the top of the NWs 
[Figure 4.10(a)], evidencing that the NW growth is initiated by the VLS mechanism. 
Very small NW diameter is ascribed to the small critical nucleation size quickly reached 
by the high supersaturation condition at the initial stage of growth. However, the slower 
NW axial growth rate was due to insufficiency of Ga atoms arriving to the droplets, in 
comparison to the As atoms. At this As/Ga ratio, we expected that further supply of Ga 
and As atoms would result in complete consumption of Ga droplets on the NW top and 
finally the termination of VLS growth mechanism. Without the Ga catalyst on the NW 
top, the ratio NW axial/ radial growth should decrease. 
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Figure 4.10 SEM images of NWs grown at different As/Ga ratios of (a,d) 4.8, (b,e) 2.4 and 
(c,f) 0.7 ML/s.  As fluxed was fixed at 0.48 ML/s. Upper images are side views, 
and lower images are top views. Symbols * in (f) showed the droplet clusters on 
the surface. 
On the other hand, we found that an excessive supply of Ga atoms in Ga-rich condition 
(As/Ga ≤ 1) also caused the reduction of the NW axial growth [Figures 4.10(c), 
4.11(a)]. Since the Ga atoms were abundant, the lower axial growth rate compared to 
the maximum possible value can be ascribed to the fact that excessive feeding of Ga 
atoms to the droplets prevents the droplets from reaching the supersaturation condition. 
Therefore, the supplied As atoms remain in the liquid alloy rather than participating in 
the crystallization in order to maintain a stable As concentration in the Ga droplets 
rapidly expanding at this growth temperature. Growth of GaAs NWs at this As/Ga ratio 
led to an accumulation of Ga atoms in the droplets on the NW top, inducing an invert 
tapered shape of the NWs [Figure 4.10(c)] and possibly a continuous decrease of the 
axial growth rate as the NW growth proceeds. 
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Figure 4.11 Analysis from SEM images of all 7 samples in As/Ga ratio series: (a) NW 
length, (b) NW diameter (this diameter is average value of two diameters 
at base Dbase and at beneath of droplets Dtop, showing in the inset) as a 
function of Ga deposition rate. 
 
The relationship between NW axial growth and diameter 
Data from experimental results of the relation between axial growth rate and diameter 
are shown in Figure 4.12, where As/Ga ratio of 4.8, 2.4 and 0.7 corresponds to triangle, 
circle and rectangular dots, respectively. Equation 4.19 is used for calculation of the 
growth parameters, namely the diffusion length ls onto the surface and As 
supersaturation state on Ga liquid Dµ¥. The solid lines are the least square fits of this 
equation to the average experimental data. The discrepancy between the fitting curve 
and the experiments, especially in the case of the As/Ga ratio ~ 4.8, is attributed to the 
non-equilibrium state in Ga droplet. The shorter effective diffusion lengths λs = 95 nm 
and λs = 40 nm with As/Ga ratio 4.8 and 0.7, respectively, implied less contribution of 
Ga diffusion mechanism to the axial growth, which was caused either by insufficiency 
or excess of Ga atoms supplied to the droplets. Ga diffusion mechanism contributed the 
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most into NW growth at As/Ga ratio around 2.4 (λs = 240 nm), where the maximum 
axial growth rate was obtained. This λs is much higher than the previous case since the 
experimental data are now taken from the vertical aligned NWs. 
 
Figure 4.12 The relation between NW length and diameter of vertical NWs at different 
As/Ga ratios: 4.8 (▲), 2.4 (●), and 0.7 (■). The solid lines represents the fit of 
Equation 4.19 to the average data points using λs= 95 nm (∆µ∞= 0.19 kT), λs= 
240 nm (∆µ∞= 0.09 kT), and λs= 40 nm (∆µ∞= 0.08 kT), respectively. 
Our results show that axial growth rate could be maximized when a dynamical 
equilibrium state in the droplet is maintained, i.e. the amount of species incorporated to 
the droplets equals that consumed by the NW growth. Put in another way, this situation 
occurs when the number of impinging As atoms on the droplet surface is equal to that of 
Ga atoms arriving to the droplets via direct deposition and diffusion mechanism. Thus, 
an As/Ga ratio greater than unity is required to initiate a dynamic equilibrium condition 
in the droplet. However, if this supplied As/Ga ratio is kept constant during the growth, 
this dynamical-equilibrium in the Ga droplet could be maintained only for a certain 
time. This is because the amount of diffusing Ga adatom which travel along the wire 
sidewall to the wire top should decrease as a function of the wire length. 
 
4.3.3. Effect of the deposition rate 
We complete our studies by varying the material deposition rate while trying to 
maintain a steady state in the droplets by keeping the optimal As/Ga ratio ~ 2 at the 
growth temperatures at 640 °C. The growth time is adjusted in order to fix the amount 
of nominal deposited GaAs at 1080 MLs. Figures 4.13(a,b) show the side view SEM 
images of the NWs grown by using the Ga deposition rate of 0.2 ML/s and 0.6 ML/s, 
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respectively. Most of the NWs show a similar morphology in density, length and 
diameter on all samples even though the deposition rate is significantly varied.  
At the chosen conditions, the axial growth rate gives a linear relation with Ga (As) 
deposition rate [Figure 4.14(a)], NW diameters are nearly constant with nominal 
deposition rate [Figures 4.14(b)] and the NW density is around ~ 8 ´ 108 cm-2 for all 
samples. Therefore, after the nucleation stage, the NW growth and their morphology are 
mainly controlled by the material distribution among each nucleation site. In other 
words, the NWs have the same capture cross section areas surrounding the base, or 
diffusion lengths of adatoms on surface are equivalent for all samples (ls = constant). 
Thus, the ratio of 
( )
( )sw0
sw1
λrK
λrK
in Equation 4.19 should be constant. In addition, the ratios 
of As/Ga are the same, thus the supersaturation states of droplets Dµ¥ are constant, 
leading to the constant of g in Equation 4.20. Therefore, Equation (4.19) can be written 
as follows: 
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Figure 4.13  Side-view SEM images of GaAs NWs grown with Ga deposition rates equal to 
(a) 0.2ML/s and (b) 0.6 ML/s while keeping As/Ga ratio ~ 2, the growth 
temperature at 640 °C and the nominal deposited GaAs at 1080 ML. 
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Figure 4.14 Analysis results from SEM images of a) axial growth rate and (b) NW diameter 
of GaAs NWs with a function of Ga deposition rate. As/Ga ratio ~ 2, the growth 
temperature at 640 °C and the nominal deposited GaAs at 1080 ML. 
As a consequence, the axial growth rate is linear to the nominal deposition rate. Using 
the parameters which we obtain for As/Ga = 2.4 in previous part (λs= 240 nm, ∆µ∞= 0.09 
kT), the value of constant in Equation 4.21 is around 3.3 (using the average diameter of 
130 nm or rw = 65 nm). This value is very close to the one calculated from the 
experiment (~ 2.7). 
The NW axial growth rate is again around 8 - 10 times faster than the supplied rate of 
As atoms, which is consistent with the maximum limit derived from our geometric 
approximation described previously. Our results show that once a dynamical 
equilibrium state is approached, the NW morphology is stable to kinetic parameters. 
 
4.4. Conclusions 
In this chapter, we present comprehensive studies of the morphology evolution of Ga-
assisted GaAs NWs on Si(111) substrates as a function of MBE growth parameters, 
such as substrate temperature, As/Ga ratio and growth rate. Before the growth, the 
substrates are annealed at high temperature in order to remove partially SiO2 on the 
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surface and create a crystallographic relation between substrate and epitaxial growth. By 
raising the substrate temperature, the diffusion-enhanced and the desorption-limited 
growth regimes are identified and an improved vertical-alignment is observed. At 620 
°C, we obtain the maximum value of NW density in comparison to the total NW 
droplets which are generated on the surface during growth. The contribution of Ga 
diffusion to the NW growth is evidenced by the diameter-dependent axial growth rate. 
By applying a model that takes into account in the growth mechanism of the 
competition between Gibbs-Thomson and diffusion effects, the growth parameters 
concerning the diffusion length of Ga adatom on the surface and the As supersaturation 
state in Ga liquid are determined. Slightly As-rich condition on the droplet surface is 
needed to approach a steady state in Ga droplets where the axial growth rate reaches the 
maximum. This growth condition also makes the NW morphology insensitive to the 
growth speed. 
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Chapter 5  
GaAs/AlGaAs core-shell structures 
As mentioned in previous section, semiconductor NWs have been regarded as a 
promising platform for future work in the fields of nanophotonics and nanoelectronics 
for a decade. One of their unique properties is their large surface to volume ratio, which 
could offer a flexible route for strain engineering and material combinations in complex 
heterostructures. However, such a large free surface generally increases the influence of 
surface defects (dangling bonds) on the electronic properties of the NWs. One of the 
main objectives for semiconductor device applications is monitoring the influence of 
these defects. For instance, suppressing dangling bonds is a great effort. In case of Si, 
the formation of native oxide layer is one advantage of this material in order to 
passivate the surface defects. The surface recombination velocity (SRV) of InP is ~ 103 
cm/s,[Per08] of CdS is ~ 103 cm/s, of CdTe is ~ 104 cm/s,[Fan09] much smaller than that of 
GaAs ~ 5 ´ 105 cm/s.[Joy13] It is very difficult to measure this parameter because it 
depends on the number and nature of nonradiative traps at the surface. Therefore, it can 
be changed by chemical treatment of the surface, by strong optical pumping which can 
reduce the number of nonradiative traps by saturation effect, ... nevertheless it's well 
known that SRV is very large in GaAs, very small in InP, ZnO, CdS and CdSe. 
In the case of GaAs NWs, their luminescence efficiency significantly deteriorates 
because of non-radiative recombination processes on the wire free surface.[Dem10] One 
way to suppress these unwelcome effects is to isolate the GaAs NW core from its 
surface by embedding it in-situ in a higher bandgap material shell.[Per08,Wu04] AlGaAs is 
the best material to use in these experiments due to its higher bandgap energy and 
comparable lattice constant with respect to GaAs.[Zho09] Accordingly, the influence of an 
AlGaAs shell on the properties of the GaAs core and the optimized thickness of the 
encapsulation are the issues requiring elucidation in the GaAs/AlGaAs NW growing 
process.  
In this chapter, we assess the growth of GaAs/AlGaAs core-shell structures and 
investigate the structural and optical properties of these NWs, either as individuals or 
ensembles. In order to evaluate the shell effect, we examine variations in the lifetime 
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and luminescence intensity of photoexcited carriers in a GaAs core versus different shell 
thicknesses. The results provide reliable evidence of which non-radiative recombination 
processes are being effectively suppressed when capping AlGaAs around the core 
GaAs. 
 
5.1. GaAs/AlGaAs core-shell nanowire growth 
Seven samples of GaAs/AlGaAs core-shell structures were fabricated with various shell 
deposition times: 0 mins, 10 mins, 25 mins, 45 mins, 1 hour 10 mins, 2 hours and 4 
hours. These structures were produced by a Riber 32 MBE system, which was equipped 
with solid sources of Ga, Al and As4. The substrates of n-type Si(111) covered with thin 
layer of native oxide were used. After being mounted on the molyblock (MOB), the 
substrates were placed in the introduction chamber and then moved to the transfer 
chamber, where they were annealed at 250 °C for 30 minutes to remove any 
contamination. Thereafter, they were moved to the main chamber for deposition. Prior 
to the NW growth, the substrate was deoxidized at ~ 670 °C (using the temperature 
profile in Section 4.1.1) to create nano holes on the surface native oxide. The substrate 
temperature was then reduced to ~ 620 °C to grow the GaAs NWs. To achieve this, the 
shutter of the Ga diffusion cell was opened at the appropriate temperature, which 
correlates to a planar growth rate of GaAs on the (001) GaAs surface of ~ 0.1 ML/s or 
0.028 nm/s in 90 minutes. The growth rate of As4 in this case was 0.15 ML/s or 0.042 
nm/s. The substrate was rotated during the growth. 
The planar growth rate of the GaAs that we used for the AlGaAs shell deposition was 
0.2 ML/s or 0.056 nm/s. The temperature of the Al cell was set at the value 
corresponding to the AlAs planar growth rate at 0.1 ML/s or ~ 0.028 nm/s on the (001) 
GaAs surface. Accordingly, the composition of Al in this case is 35%. In the 
intermediate step between the GaAs core growth and the AlGaAs shell growth, 
approximately 10 minutes was required to increase the temperature of the Ga and As4 
cells to obtain the required growth rate of the shell deposition. GaAs NWs continued 
growing during this period. Note that the substrate temperature is kept constant during 
the growth from bare GaAs deposition to AlGaAs growth. Ga droplets were consumed 
completely in the period of transition. The shell deposition time was adjusted to obtain 
different shell thicknesses. Next, a thin layer of about 5 nm of GaAs was deposited 
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outside the core-shell structure to prevent the oxidation of AlGaAs.[Pae10] As reported 
before,[Per08] due to the tendency of AlGaAs to oxidize, the oxygen incorporation may 
provide a route to form deep levels in GaAs, and lead to a shortening of the photocarrier 
lifetime. Therefore, GaAs layer outside is a good practice. The optical intensity of 
samples is not affected by this layer which is thin compared to the rest of the NW 
(GaAs core + AlGaAs shell). After finishing the GaAs cap outside, the Ga and As cells 
are closed simultaneously and the substrate temperature is reduced quickly to room 
temperature. The deposition mechanism of these structures is shown in Figure 5.1. 
 
Figure 5.1  Illustration of core-shell GaAs-AlGaAs NW growth. (a) GaAs NWs grown via 
the VLS mechanism, with Ga-droplets as catalysts. (b) Ga droplets were 
consumed under the As rich condition. (c) An AlGaAs shell with 35% of Al 
was covered on the GaAs NWs under the As rich condition. 
In order to induce the vapour-liquid-solid growth mechanism of the GaAs NW-core 
using Ga droplets as catalysts, Ga and As fluxes were simultaneously deposited on the 
surface. Although the As-rich flux condition is maintained, Ga droplets are nevertheless 
formed and remain during the growth. The total Ga atoms attributing to the Ga droplets, 
include the adatoms diffusing from the substrate to the top of the NWs, as well as the 
Ga atoms impinging directly on the droplet. This leads to the axial growth developing 
strongly with the vapour-liquid-solid mechanism. To fabricate a shell for the NWs, the 
radial growth must be developed, which means that the droplets should disappear. As a 
consequence, to activate the lateral growth rate of these structures, the Ga droplets are 
consumed under the As-rich condition (As flux is increased in order to reach an As/Ga 
> 10) for 10 minutes. This stage is crucial when it comes to completely crystallize the 
Ga droplets before commencing the growth of the AlGaAs shell. If the As flux is 
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increased too quickly, Ga droplets on the NW-top will be crystallized too fast and will 
distort the shape of the NWs, thereby inducing light scattering.  
The morphology of these core-shell structures is determined by the Zeiss Ultra field 
emission SEM (FE-SEM). The side-view of the SEM (Scanning Electron Microscope) 
images in Figures 5.2(a,b) shows the morphology of the core-shell structure at 0 and 2 
hours of shell deposition time. The core GaAs NWs are fabricated with an 84 nm ± 13 
nm diameter and a 2.4 µm ± 0.3 µm length using a vapour-liquid-solid mechanism. The 
majority of the NWs are perpendicular to the substrate, and the Ga droplets remain on 
the NW-top. Meanwhile, Ga-droplets are absent from the top of the core-shell NWs. 
With a 2.4 µm length of core NWs in 90 minutes, the growth rate is determined to be ~ 
0.44 nm/s.  
 
Figure 5.2  SEM images of the GaAs/Al0.35Ga0.65As core-shell structure with (a) 0 hours 
and (b) 2 hours of shell thickness grown on Si(111) substrates. (c) Evolution of 
the length and diameter of NWs as a function of shell deposition time. The inset 
illustrates how to measure the diameter and length of NWs from SEM images. 
The NW length is the distance from the Si substrate to the NW top; the NW 
diameter is the total diameter of the GaAs core and the AlGaAs shell thickness. 
In order to determine the geometric sizes of the core-shell structures, 100 NWs from 
each sample are chosen at random to be observed under SEM. The length of a NW is 
defined as the distance from the Si surface to the NW-top, including the 2-dimensional 
(2D) layer, the GaAs core and the axial AlGaAs. Figure 5.2(c) shows that the mean 
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values of the NW length and diameter increased linearly with AlGaAs shell thickness or 
that both axial and radial growth developed when increasing the AlGaAs deposition 
time. Analysis of the SEM images also revealed that about 70% of the NWs are 
perpendicular to the substrate in a [111] direction. 
The AlGaAs shell growth takes place under an As-rich atmosphere by increasing the As 
flux from 0.15 ML/s to 1.5 ML/s, which is much higher than that of the supplied metal 
fluxes (Ga + Al). The Ga droplets on the NW top are totally consumed by the excess As 
flux [Figure 5.2(b)], resulting in the cessation of the vapour-liquid-solid mechanism. As 
a consequence, the axial growth rate is strongly reduced, leading to an increase of the 
radial-to-axial growth ratio. The axial growth in this regime is terminated due to the 
metal-limit (Al flux + Ga flux). One can see clearly that the core-shell NWs had a 
uniform diameter from the base to the top, with a hexagonal cross section. The axial and 
radial dimensions of the AlGaAs shell were derived from the SEM images using the 
following formula: 
LAxial = Axial AlGaAs thickness = Lw - LCore   (5.1) 
2
D- D
 thicknessAlGaAs Radial  R CorewShell ==    (5.2) 
Where Lw and Dw are total length and diameter of NW, measuring from the NW top to 
the substrate surface where the NW starts growing (see the inset in Figure 5.2(c)), 
respectively. LCore and DCore are the length and diameter of bare GaAs NW, respectively. 
Length and diameter in our experiments are not homogeneous for each sample, so the 
statistics on a set of 100 NWs is carried out in order to get the average values. The 
axial-to-radial ratio of the AlGaAs shell in this case is ~ 6. The mean of NW length, 
diameter, axial thickness, shell thickness and axial-to-radial ratio of the various samples 
are summarized in Table 5.1. 
Al has a higher activation energy to migrate,[Che07] meaning that its diffusion length is at 
least four times lower than that of Ga.[Zho09,Dha13] As a consequence, the sidewall or 
radial growth for AlGaAs shell is more efficient compared to the radial growth of bare 
GaAs.[Hei11] In bare GaAs, the axial-to-radial ratio in this series is 57, ~ 10 times higher 
than this ratio in AlGaAs shell (6). The density of the NWs for all of the samples is in 
the range of 108 cm-2. 
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Table 5.1  Mean NW length, diameter, axial thickness, shell thickness and axial-to-radial 
ratio (or LAxial/RShell) measured over 100 NWs of the samples in the series of 
GaAs/AlGaAs core-shell structures with a 5nm GaAs cap outside. 
Samples AS0467 AS0468 AS0469 AS0470 AS0471 AS0472 AS0473 
Shell growth 
time 0 min 10 mins 25 mins 45 mins 
1 hr 10 
mins 
2 hr 4 hr 
<Lw> (µm) 2.40 2.44 2.52 2.62 2.74 2.95 3.42 
<Dw> (nm) 84 98 127 157 179 257 433 
<LAxial> (µm) 0 40 120 220 340 550 1020 
<RShell> (nm) 0 7 20 36 47 86 175 
LAxial/RShell -- 5.7 6.0 6.1 7.2 6.4 5.8 
The SEM images in Figure 5.2 also provide information on the 2D layer. In the As-rich 
and no droplet conditions, the 2D layer continues to grow via the standard vapour-solid 
mechanism. Consequently, part of the core-shell NWs is buried in the 2D layer.  
 
Figure 5.3  Axial and radial shell thickness as a function of 2D layer thickness. The axial 
growth is equal to the 2D growth (bisection), whereas the radial growth was six 
times lower. The inset depicts the axial and radial shell thicknesses and the 2D 
layer thickness of a NW. 
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Figure 5.4  Definition of some of the length parameters used in this thesis: L, LAxial, LOptical, 
L2D Layer. Definition of positions of the broken area, the AlGaAs/GaAs axial 
interface of the GaAs/AlGaAs core-shell structures with (a) thin shell thickness 
with growth time t1 and (b) thick shell thickness with growth time t2 > t1. Notice 
that all the above lengths are related: LOptical = L + LAxial, LAxial = L2D layer. 
Figure 5.3 depicts the mean value of the axial AlGaAs shell thickness and the radial 
shell thickness with respect to the 2D layer thickness. The fitting line (black solid line) 
is close to the bisection line (black dotted line). This means that the axial growth rate is 
equal to the one of the 2D layer. On the other hand, the NW length as defined in Figure 
5.2 is Lw = 2 ´ L2D layer + L (L was the distance from the AlGaAs/GaAs axial interface 
to the broken area, as depicted in Figure 5.4). This verifies that there is no diffusion 
from the surface to the NW-top, and the vapour-solid-solid mechanism dominates in 
this regime. 
Table 5.2  Mean value of L (distance from the broken area to the AlGaAs/GaAs axial 
interface) of all of the samples in the series of the GaAs/AlGaAs core-shell 
structures with a 5nm GaAs cap outside. 
Sample AS0467 AS0468 AS0469 AS0470 AS0471 AS0472 AS0473 
<L> (µm) 2.40 2.36 2.28 2.18 2.06 1.85 1.38 
LOptical (µm) 2.40 2.40 2.40 2.40 2.40 2.40 2.40 
Accordingly, in the As-rich condition, the axial AlGaAs length is equivalent to the 
thickness of the 2D layer on the surface. When increasing the deposition time of the 
AlGaAs shell, the shell thickness increases, as well as the thickness of the 2D layer. 
This means that the length of the NW buried in the 2D layer increases with the 
deposition time of the shell. This concept is described in Figure 5.4 for different 
deposition times of the AlGaAs shell. From this, we can calculate that the distance L 
from the AlGaAs/GaAs axial interface near the top of the NW to the broken surface (at 
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this point, we should note that the NW will be broken off from the 2D layer surface for 
the purpose of an optical analysis on individual NWs) decreases with increasing shell 
thickness, or L2 < L1 (Table 5.2). Specifically, in our experiments, these values 
decreased from 2.4 µm to 1.4 µm when we increased the shell thickness from 0 nm to 
175 nm. On the other hands, the LOptical from the AlGaAs/GaAs axial interface to the 
NW-top is similar to all samples, as explained in Figure 5.4. 
 
5.2. Correlated structural and optical characterization of a single core-shell 
nanowire 
This section presents results from a single GaAs/AlGaAs core-shell nanowire with no 
cap GaAs outside, subjected to a correlated study produced by numerous 
characterization methods, including SEM, TEM, and CL. The sample is a core-shell 
NW with a 100 nm shell (named W7M7). The LOptical and diameter of this NW are 2.7 
µm and 375 nm, respectively. The diameter of the core is ~ 70 nm.  
 
Figure 5.5 CL spectrum of a single GaAs/AlGaAs NW. The inset is an SEM image of this 
NW. 
This NW (see inset of Figure 5.5) is dispersed on a Au surface with markers as 
introduced in section 3.1.2. CL measurement is carried out on the whole NW at 5 K, 
under 10 kV excitation. Spectrum with multi-peaks is shown in Figure 5.5. Peak 
energies at 1.476 eV and 1.50 eV are due to recombination of bound-exciton on 
impurity and free-exciton of ZB GaAs, respectively. Peak at higher energy (³ 1.53 eV) 
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could be due either to type II transitions between ZB and WZ regions[Hoa09,Jah12]  (Figure 
5.6) (see the TEM in Figure 5.7), or to alloy fluctuations in the AlGaAs barriers. Peak 
energy at 1.59 eV and small peak at around 1.7 eV are related to fluctuations of Al 
composition. The low intensity of peaks at high-energy agree with the loss of generated 
carriers in this area due to the fact that most of carriers moved to the core and 
recombined here or these carriers were trapped at surface of AlGaAs shell with non-
radiative recombination processes.[Jah12] 
 
Figure 5.6  Transition model of type II with WZ/ZB structure along the NW axis. 
Depending on the well width forming from ZB sections, electrons are confined 
at level energies (dot lines) in wells in conduction band (CB) and recombination 
with highest state in valence band (VB) (solid red arrow). Dot line arrows are 
carrier currents into wells. 
Following the peak energies which are shown in Figure 5.5, we detect the 
corresponding monochromatic CL images. The results are shown in Figure 5.7. The 
NW-top is on the left side of this figure. We notice that 1.59 eV comes mainly from the 
NW-top, corresponding to the AlGaAs region. Similarly the peak 1.53 eV dominates at 
AlGaAs region and is weaker at GaAs region (note that AlGaAs shell covers the whole 
NW, whereas at NW-top is only AlGaAs area), so the hypothesis of Al composition 
fluctuation is suitable. Peaks at 1.50 eV and 1.476 eV are in the GaAs region only. To 
summarize, thanks to the different luminescence positions along the NW, we distinguish 
the GaAs and AlGaAs areas.  
With this NW, different measurement tools were used to correlate its structural and 
optical properties, in order to acquire a better understanding. Figure 5.7(a) reveals three 
facets of a hexagonal structure. The TEM image in Figure 5.7(b) shows the difference 
between zinc blende and wurtzite along the NW as discussed previously. From Figure 
5.7(c), we can also deduce that the AlGaAs part is ~ 800 nm, which is similar to the 
result of the TEM analysis.  
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Figure 5.7  (a). SEM image of NW W7M7 with a 107 nm thick shell. (b) A dark-field TEM 
image showing the structure of this NW. (c) The corresponding CL images were 
obtained at detection energies of 1.59 eV, 1.53 eV, 1.50 eV and 1.476 eV. 
We examine now the variation of luminescence along the NW via excitation at presice 
positions along the axis of NW. Each excitation position (squares 1, 2, 3 in Figure 
5.8(b)) has the dimensions 200 nm ´ 750 nm. In the CL spectrum of Figure 5.8(c), it 
can be seen that the peaks at 1.476 eV and 1.50 eV are present from Position 2 to 3, 
corresponding to the GaAs core region. Peak at 1.53 eV is present all along the NW, 
and becomes strongest in the AlGaAs region (from Position 1 to 2), in agreement with 
the mapping CL image of Figure 5.7(c). This observation confirms the hypothesis 
which we discussed above. Peak at 1.59 eV, appearing only in the axial AlGaAs region, 
confirms that this recombination is a signature of AlGaAs alloy in the axial section. 
Thanks to the variation of luminescence along the NW axis, we can deduce the 
diffusion length of generated carriers. This work will be discussed in section 5.4. 
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Figure 5.8  (a) Diagram of the core-shell structure including the GaAs core inside (yellow) 
and the AlGaAs shell (pink). (b) High-angle annular dark-field scanning TEM 
(HAADF STEM) image of a single nanowire with a 100 nm ± 32 nm shell 
thickness (named as W7M7). (c) The corresponding CL spectrum of each 
position scan along the axis of the wire at 7 K. 
 
5.3. Optical characterization of GaAs/AlGaAs core-shell nanowire 
ensembles 
The objective of the optical characterization was to evaluate the efficiency of the core-
shell NWs and the minimum shell thickness required to suppress the non-radiative 
surface recombination. The lifetime of the carriers in GaAs is the best evidence with 
which to demonstrate the effectiveness of the AlGaAs shell. TR-PL (time-resolved 
photoluminescence) was therefore used to study the exciton decay time. Furthermore, 
the luminescence intensity of the ensemble samples was also studied by way of PL and 
CL measurements to confirm our conclusions.  
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5.3.1. Decay time versus AlGaAs shell thickness 
The carrier lifetime was determined from the time-resolved photoluminescence 
spectrum. The core-shell GaAs/AlGaAs NW ensemble samples were excited by a 
Ti:sapphire laser at a power of 26 µW, with a pulse duration of 200 fs and at a pulse 
repetition frequency of 76 MHz. During the measurement process, the sample was 
cooled at a liquid-helium temperature of 5 K.  
When an excitation pulse hits the sample, an excess carrier concentration n is generated. 
In the equilibrium condition, e-h pairs will recombine via the recombination processes. 
These recombination processes include a radiative recombination when an electron and 
hole undergo an interband transition, and a non-radiative (NR) recombination due to 
surface or other defects of the material. The period of time that is necessary for the 
generated carriers to complete the recombination process is known as the recombination 
lifetime or decay time.  
The evolution of the e-h pair density with respect to time obeys the rate equation: 
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Where: 
P: pumping rate (s-1) 
tr:  decay time due to radiative recombination (s) 
tnr: decay time due to non-radiative recombination (s)  
tdecay: is the measured decay time, with
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1/tr and 1/tnr are the radiative and non-radiative recombination probability, 
respectively.[Yac04] 
After the external excitation process stops, the term P in Equation 5.4 becomes zero. 
This means that we can solve Equation 5.4 to obtain the solution n(t) as: 
n(t) = n(0) ´ exp(-t/tdecay)      (5.4) 
The TR-PL intensity is proportional to ~ n ´ 1/tr and thus decays exponentially with a 
time constant tdecay.  
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The radiative recombination efficiency is defined by the ratio between the radiative 
recombination probability and the total recombination probability: 
)ττ(1
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τ
τ
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η
nrrr
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r
+
===     (5.5) 
Usually, at low temperatures, the non-radiative recombination process is weaker, and so 
the probability of the radiative process is much higher. This is expressed in terms of 
lifetimes tr/tnr << 1. In this case, the lifetime of the e-h pairs mainly depends on the 
radiative processes implying that tdecay ≈ tr. This leads to a high degree of radiative 
recombination efficiency[Yac04] (η ≈ tr /tr = 1). 
At higher temperatures, the non-radiative lifetime becomes much shorter than their 
lifetime according to the radiative recombination processes, which means tnr << tr or tr/ 
tnr >> 1. Therefore, in this case, the carrier lifetime tdecay depends mainly on tnr, and the 
PL efficiency is rather small in this case at η ≈ tnr /tr << 1.  
 
Figure 5.9  PL spectra of seven samples in one series of core shell structures with various 
shell thicknesses, excited at 800 nm (1.55 eV). The dot line shows the peak 
position for decay time measurement.   
In order to study the lifetime of the carriers in the GaAs, we excite the samples with 800 
nm laser (1.55 eV). Such photons are below the AlGaAs forbidden gap, meaning that all 
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the carriers are generated in the NW core. PL spectra of seven samples with various 
shell thicknesses are shown in Figure 5.9. We notice that the luminescence intensity of 
samples GaAs/AlGaAs core-shell improves significantly in comparison to bare GaAs. 
Two broad peaks at ~ 1.515 eV with linewidth ~ 10 meV and ~ 1.49 eV with linewidth 
~ 25 meV correspond to the band edge and bound exciton of GaAs, respectively. Here, 
we also evidence the red shift of the band edge energy with increasing shell thickness. 
As explained later, this comes from the strain due to the misfit of the two materials, 
GaAs and AlGaAs. Decay time measurements were carried out at energy positions 
corresponding to the highest luminescence intensity as shown with dot line in Figure 
5.9. 
Figure 5.10(a) illustrates the normalized TR-PL of seven samples over time, while 
Figure 5.10(c) highlights the corresponding carrier lifetimes as a function of shell 
thickness. From the results in Figure 5.10(a), it is clear that there are three types of 
decay curves: (i) decay time for bare GaAs, (ii) decay times for NWs having a shell 
thickness from 7 nm to 47 nm, (iii) decay times for NWs having a shell thickness larger 
than 47 nm.  
It has to be noted that decay curves in Figure 5.10(a) are not single exponential. For 
each TR-PL, we extract two decay times, named short- and long-decay times. The short 
corresponds to the time interval between 0 to 3.5 ns, whereas the long one is extracted 
from the range 3.5 to around 10 ns [Figure 5.10(b)]. The long-decay time corresponds to 
a small contribution in the intensity and may be due to source background impurities in 
our samples, so in the sections that follow, we will only discuss the short decay times 
for all samples with or without a super-shell. The obtained shortest decay time is 0.1 ns, 
corresponding to the sample of 0 nm shell thickness.  
The graph in Figure 5.10(c) can be divided into three regimes with different evolution 
trends of decay times versus shell thickness: Regime I, Regime II and Regime III, 
which correspond to shell thicknesses from 0 nm to 7 nm, from 7 nm to 47 nm and 
greater than 47 nm, respectively. In Regime I, decay time increases significantly from 
0.1 ns to 1 ns due to reduction of non-radiative recombination centers. On the other 
hand, without shell, the dangling bonds on the NW surface shortened the lifetime of the 
generated carriers. Our results are in agreement with the decay times reported by Jiang 
et al.[Jia12] 
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Figure 5.10  (a) Normalized TR-PL at highest energy (corresponding to the free-exciton 
position at around 1.51 eV) with AlGaAs shells of various thicknesses (excited 
with a 1.55 eV light and measured at 5 K). (b) The fitting range for the short- 
and long-decay times. (c) Evolution of decay times (long and short) as a 
function of shell thickness. 
In Regime II, the decay times of the capped NW samples are quite stable. As a 
consequence, a 7 nm thick AlGaAs shell is enough to suppress the nonradiative surface 
states of the GaAs NWs in our work. The maximum decay time we got (for short value) 
is 1.6 ns, longer than the value obtained from the experiments of S. Perera et al. (1.1 
ns).[Per08] In Regime III, the decay times are shorter than those in Regime II, which 
means that the NR recombination probability is greater in these NWs. It could be 
assumed that there are more defects in the NWs with thicker shells. To verify this, an 
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analysis of individual NWs was performed and will be discussed in the following 
section.  
Another set of measurements in these samples was carried out, with a pulsed 
Ti:sapphire laser, at 710 nm or 1.75 eV, used as an excitation source (Figure 5.11). With 
this photon energy, part of the carriers are created in the AlGaAs shell. We notice the 
dramatic increase of decay time for samples from 0 nm to 7 nm shell, and then this 
value gradually decreases when shell thickness decreases from 7 nm to 175 nm. This 
result would be explained by the appearance of defects into the NWs when the shell 
thickness increases. 
 
Figure 5.11  Normalized TR-PL at highest peak energy (around 1.51 eV) with AlGaAs shells 
of various thicknesses (excitation at 1.75 eV and at low temperature). 
 
Figure 5.12  Evolution of decay time (short) measured by PL at low temperatures as a 
function of shell thickness for two series of core-shell NWs, one without GaAs 
outside (tCS03) and the other with GaAs outside (tCS04). 
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We also examined the effect of the GaAs cap outside on two sets of samples, CS03 and 
CS04. The former sample set had no GaAs cap outside covering the AlGaAs shell, 
while the latter had the cap outside in place. The decay times of the two sample sets are 
shown in Figure 5.12. The solid black squares are the short decay times of set CS03, 
and the open/red squares represent those of the samples from set CS04. Three regimes 
also appear in this figure as discussed above. However, the maximum lifetime for NWs 
with cap reaches 1.6 ns, whereas the one without cap only reaches 0.8 ns. This 
evidences the influence of AlGaAs oxidation in the NR recombination processes of our 
NWs. 
In conclusion, the encapsulation plays a critical role in enhancing carrier lifetimes in the 
NWs. The 7 nm thick AlGaAs shell is enough to largely suppress the surface states of 
the GaAs core in our experiments. The lifetime of the encapsulated NWs increased 
significantly compared to the lifetime of the unencapsulated NW samples.  
 
5.3.2. Luminescence intensity versus AlGaAs shell thicknesses 
In this section, PL and CL are used to measure the luminescence intensity of ensemble 
samples with various AlGaAs shell thicknesses. The evolution of the luminescence 
intensity as a function of shell thickness is also compared to the decay times (examined 
in the previous section) to confirm the efficiency of the AlGaAs shell. 
Cathodoluminescence analysis 
CL measurements are made at 7 K under an electron beam excitation of 10 kV with 
focused beam size of 10 nm ´ 10 nm. Measurement area is 5.7 µm ´ 5.2 µm. Electron 
beam is excited perpendicular to the substrate surface. In order to compare the effect of 
the different shell thicknesses, the excitation condition is fixed for all samples.  
Figures 5.13 and 5.14 respectively set out the CL spectra of seven samples with various 
shell thicknesses from two sets of series with (CS04) and without (CS03) the GaAs cap 
outside. Figure 5.13 shows that without the AlGaAs shell, we do not detect any signal 
from the GaAs, evidencing the importance of the NR centers at the NW surfaces. When 
the shell thickness is 7 nm, one peak appears at 1.516 eV with full width at half 
maximum (FWHM) around 18 meV, which corresponds to the recombination of free-
exciton in the zinc blende GaAs core.[Bog68,Tit06] These results demonstrate that the 
AlGaAs shell improves the luminescence intensity. For the samples with a shell thicker 
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than 7 nm, an additional peak appears at 1.48 eV, which can be attributed to the 
recombination of the acceptor-bound exciton in the zinc blende GaAs. 
 
Figure 5.13  CL spectra of ensemble NWs with various shell thicknesses at 7K. Two peaks 
at 1.51 eV and 1.48 eV correspond to free-exciton and bound-exciton energy, 
respectively. The shaded area shows the spectral region where CL intensities 
have been integrated. The samples are from CS04 series (with the GaAs cap 
outside) with shell thicknesses from 0 nm to 175 nm. 
In the samples with shells thicker than 36 nm, there are also multi-peaks at ~ 1.8 eV - 
1.9 eV. These peaks can be attributed to recombination in the AlGaAs shell. Especially, 
with the 175 nm thick shell, the broad multi-peaks spectrum from the AlGaAs shell at 
1.6 - 1.8 eV, becomes more pronounced. Such a broad luminescence line width of the 
AlGaAs shell could be due to the presence of defects or deep levels related to alloy 
fluctuations inside the AlGaAs shell. These observations will be considered in more 
detail in the analysis of individual NWs. 
The CL spectra (from the 0 nm to the 100 nm shell) shown in Figure 5.14 of the 
GaAs/AlGaAs core-shell structures without the 5 nm GaAs cap also reveals the same 
qualitative behavior. The luminescence intensity is very weak for 0 nm shell and 
increases significantly when the shell thickness becomes 10 nm, and reaches its 
maximum value for 75 nm shell. Multi-peaks (1.55 - 2.00 eV), corresponding to Al 
fluctuations, become visible when shell thickness is thicker (100 nm). Different from 
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series CS04, there are no peaks in this range when shell thickness varies from 35 to 75 
nm in this series (CS03). This result reveals that there is some formation of NR 
recombination centers in the AlGaAs shell due to oxidation. 
 
Figure 5.14  CL spectra of ensemble NWs with various shell thicknesses at 7 K. The colour 
regions show the integrated CL intensities of all of the samples from CS03 with 
shell thicknesses from 0 nm to 100 nm without the GaAs cap outside. 
 
Figure 5.15  Evolution of CL intensity of two sets of core-shell NWs: CS03 without cap 
(hollow squares) and CS04 with cap (solid squares) as a function of shell 
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thickness. Inset is the spectrum area to be integrated. The tendency of the two 
curves showed the reproducibility of our experiments. 
The luminescence of two peaks (at 1.48 eV and 1.51 eV) for each sample was integrated 
and plotted versus the shell thickness. Figure 5.15 exhibits the evolution in CL intensity 
of two sets of series of core-shells with the cap (CS04) and without the cap (CS03). 
These results demonstrate the reproducibility of our samples. The intensity evolutions 
are the same between two series with and without GaAs cap outside.  
 
Photoluminescence analysis 
The luminescence intensities of all the samples were also examined in the PL spectra, 
which were measured at 7 K, with excitation at 710 nm or 1.75 eV, as shown in Figure 
5.16. We note that carriers are partly generated in the AlGaAs alloy. Similarly to the CL 
above, there are two PL peaks at ~ 1.51 eV, ~ 1.49 eV for all samples and multi-peaks 
in the range of 1.55 - 1.75 eV for samples with thickness of 47 nm to 175 nm shell. 
In Figure 5.17, we plot the intensity for both CL and PL for the integrated emission due 
to GaAs (between 1.45 and 1.52 eV). The main difference between the experimental 
values for CL and PL intensity is the decrease of the latter for thick shells, whereas it is 
constant for the other one (CL). As a first approach, in order to account for the data, we 
do a simulation making the following assumptions: 
-  No variation of tR/tNR. 
-  No limitation due to carrier diffusion into AlGaAs or carrier generation only 
due to the interaction volume. 
Therefore, we have: 
- The intensity of each NW is proportional to the number of recombination 
processes of the generated e-h pairs. This quantity is proportional to the 
volume of the NW, which is in turn directly related to the diameter of the NW. 
-  The total intensity (I) of N NWs is the sum of intensities of all NWs, with N as 
the number of the NW excited at the spot of the CL or PL excitation beam.  
On the other hand, I ~ N ´ V ~ N ´ 2wD . Where V is volume of all core and shell, Dw is 
diameter of total core and shell. 
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Figure 5.16  PL spectra under excitation at 710 nm (1.75 eV) of all samples from series 
CS04 at low temperature with shell thicknesses from 0 nm to 175 nm and with 
the GaAs cap outside. The shaded areas are the integrated ranges. 
 
Figure 5.17  Evolution of integrated CL intensity (solid squares), PL intensity (hollow 
circles) at low temperature and simulated intensity (small solid circles) 
(normalized to the value obtained from the integrated intensity of the 47 nm 
shell) as a function of shell thickness. 
The evolution in PL and CL intensity set out in Figure 5.17 is divided into three 
regimes: (i) Regime I, the shell thickness varies from 0 to 7 nm; (ii) Regime II, the shell 
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thickness varies from 7 to 47 nm; (iii) Regime III, the shell thickness is larger than 47 
nm. 
In Regime I: We notice a strong variation of luminescence intensity due to decrease of 
tNR. This result reveals the important role of shell encapsulation, which allows a 
significant increase of radiative recombination probability.  
In Regime II: For CL, the intensity increases as expected from the simulation due to 
increase of the absorbtion volume. The emission intensity of 47 nm thick shell reaches 
the maximum value, which is four orders of magnitude greater than that of the 0 nm 
thick shell. For PL, the intensity variation is globally similar.  
In Regime III: For CL, the intensity is stable, limited by carrier diffusion length in 
AlGaAs shell. For PL, the intensity decreases 10 times compared to the maximum 
value. The intensity is limited by carrier diffusion length in alloy and by decrease of 
direct excitation volume.  
This difference comes from the working mechanism of two methods. Under the same 
growth condition of all samples in this series, the density of NWs does not change. 
Therefore, the total volume of GaAs core or the emission volume remains the same. The 
possibly change is the extra carriers absorbed in the barrier. In CL, the absorption 
volume increases when the shell thickness increases, leading to the increase of carrier 
diffusion length in barrier. At 47 nm shell, carrier diffusion length in AlGaAs reaches 
maximum value, so there is no further increase with thicker shells. In PL, at 1.75 eV, 
the excitation energy is well below the bangap of Al0.35Ga0.65As, in other words, the 
absorption should be relatively weak, compared to the absorption in the continuum of 
GaAs cores.  
In conclusion, the results of the decay time and the luminescence intensity of all the 
samples lead to the conclusion that a shell thickness of 7 nm is enough to suppress the 
surface states on the GaAs NWs. When the shell thickness is greater than 47 nm, the 
luminescence intensities and decay times decrease. We propose that defects in AlGaAs 
or along the GaAs/AlGaAs interface dominate, since increasing the shell thickness, 
leads to deteriorating the optical properties of the GaAs. However, to directly evidence 
such a correlation, more work is necessary for a clear interpretation, especially TEM 
study to evidence the appearance of defects. 
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5.4. Diffusion lengths on individual GaAs/AlGaAs core-shell nanowires 
In order to evaluate NW quality, we measured the exciton diffusion length using CL. 
Here, the spatially-resolved CL measurements of individual NWs were taken at low 
temperatures. These NWs were obtained by breaking the grown NWs from the Si(111) 
substrate and dispersing them on the gold surface, with a marker being used to localize 
precisely the NW in the case of repeated measurements or analysis by other methods. 
The excitation electron beam in the CL measurement process was focused down to a 
small area and moved along the NWs. The e-h pairs in the irradiated area of the NW are 
generated, diffused to the surrounding parts of the NW, and recombine during their 
travel. The detector collects the CL signal of the entire NW. CL analyses were 
performed at 7 K under a 1.5 ´ 10-7 mbar vacuum, at a high voltage of 10 kV and in a 
spot size 2 or area scan of 10 ´ 10 nm2. At 10 kV, the electron beam goes deep, so the 
interaction volume in NWs is small and leads to precise results.  
 
5.4.1. A diffusion model 
The structure of the GaAs/AlGaAs core-shell NWs is set out in Figure 5.18(a), and 
consists of core GaAs (filled with the yellow colour) and AlGaAs shell (filled with 
orange colour). A thin layer of ~ 5 nm of GaAs covered the AlGaAs shell to prevent the 
oxidation of the shell. The GaAs core cross-section where the NW is broken from the Si 
substrate (point D) is exposed without any passivation, and is described as the non-
passivated surface. The opposite end is covered with AlGaAs (part A to B) and is 
considered passivated.  
Figure 5.18(a) depicts the mechanism of the transfer charge of carriers along the 
structure of a single NW with the core shell GaAs/AlGaAs. When the electron beam is 
excited at a certain position on the NW, charge carriers are generated. Emission occurs 
when a recombination process takes place. This process can occur anywhere in the NW, 
whether at the GaAs core or the AlGaAs shell. In general, the charge carriers in the 
AlGaAs flow towards the GaAs core. The carriers then travel in one dimension along 
the NW axis, with a diffusion length LD or within a lifetime t before recombination. If 
the excitation spot is at a distance ≤ LD from the broken unpassivated area, a number of 
these carriers will diffuse to it and recombine non-radiatively. If the excitation spot is 
closer to the opposite end of the NW, none of the surface states present have an adverse 
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effect on the luminescence intensity. As this end is capped by the AlGaAs shell 
(passivated surface), this produces the highest overall intensity. If LD is less than the 
NW length, the generated carriers will recombine before reaching the non-passivated 
area. As a result, the luminescence is still high. Figure 5.18(b) shows the predicted 
evolution in CL intensity from the NW when the electron beam spot moves along it. 
 
Figure 5.18  (a) The mechanism of the charge carrier transfer along the GaAs/AlGaAs NW. 
(b) The expected evolution of CL intensity as a function of the electron beam 
area position. 
In our work, integrated intensities of GaAs CL are plotted using a logarithmic scale as a 
function of distance, and then a linear fitting is performed to obtain the diffusion length. 
In Figure 5.18(b), we can see that the AB segment is the CL intensity when the electron 
beam spot moved from the NW top to the passivated surface (AlGaAs/GaAs interface). 
In this regime, the closer the electron beam is focused near the passivated surface, the 
more carriers flow to the core before being recombined in the AlGaAs shell, meaning 
that more radiative recombination events take place in the core. As a consequence, CL 
intensity increased in the AB segment. The diffusion length of the carriers in the 
AlGaAs shell can be extracted from fitting this segment via Equation 
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The BC segment is a plateau because the diffusion length of GaAs is smaller than the 
length of the NW, and most of the generated carriers in the core recombine radiatively 
within before reaching the unpassivated surface. The situation is different in the CD 
segment; the intensity variation in the CD part gives us the diffusion length in GaAs 
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wire: when the electron beam spot begins to move from C to D, an increasing amount of 
generated carriers can diffuse to the unpassivated GaAs surface and recombine non-
radiatively. Therefore, the closer the electron beam moves to D, the less the generated 
carriers undergo radiative recombination in the core, meaning that the CL intensity 
gradually drops zero. According to several reports,[Ser89, Gus97] the CL intensity produced 
when the excitation spot is at a distance x < LD from the unpassivated surface can be 
written as 
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0 eII(x) , in which x is the distance between the excited region to 
the broken area, '0x  is at point C and I0 the intensity at the plateau before “feeling” the 
unpassivated surface. 
In order to examine the validity of such a model, two sets of single NWs with small and 
large shell thicknesses are entered into a CL measurement: one set had a 20 nm thick 
shell (with an uncertainty of 10 nm) and the other had a 175 nm thick shell (with an 
uncertainty of 30 nm). 
 
5.4.2. Experimental results with a 20 nm shell thickness 
Optical length LOptical and diameter of this NW are 2.3 µm and 120 nm, respectively; 
while core diameter is 84 nm. The axial AlGaAs length is around 145 nm, which 
approximates to the 2D layer growth. The CL spectra, obtained from the luminescence 
of the whole NW which is excited at precise positions, are measured at 7 K when the 
electron beam area (120 ´ 400 nm) moved along the NW. It means that the interval of 
each CL spectra was 120 nm. The data are plotted in Figure 5.19(d) with two main 
peaks at 1.512 eV and 1.48 eV, corresponding to the free-exciton of bulk GaAs and 
bound-exciton energy, respectively. Following the evolution of the peak energies at 
1.48 and 1.512 eV, we can distinguish GaAs core (from Position 2 to 3) and axial 
AlGaAs segment (from Position 1 to 2) [Figure 5.19(a)]. In addition, we also observe a 
variation of full width at half of the maximum (FWHM) of peak energy at 1.512 eV. 
The luminescence excitation positions in the GaAs core is 12 meV, whereas the one 
from excitation positions in the AlGaAs segment is significantly broader (13 - 17 meV). 
Thank to the evolution of CL intensity along the NW, we could deduce the length of the 
axial AlGaAs smaller than 360 nm. The big discrepancy could come from the 
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experiment due to unclear SEM images, which do not allow to determine precisely the 
two end positions of the NW. 
 
Figure 5.19  (a) Diagram of the core-shell structure. (b) The SEM image was taken from the 
CL system. (c) The FESEM image of the NW with a 20 nm shell (named W1). 
(d) The corresponding spectrum at each position along the axial NW. 
When excitation is on the top part of the NW, eg. from Position 1 to 2, the emission 
intensity at peak energy of 1.48 eV is more pronounced in comparison to other 
positions. This could reflect a larger concentration of impurity on the top of GaAs core. 
This could be due to the fact that this area is grown with higher fluxes of Ga and As, 
called the transition area (As/Ga ratio increased from 1.5 to larger than 10, in order to 
consume the Ga droplet as mentioned previously). Consequently, the presence of 
impurities may not be homogeneous along the entire NW. We now focus on the free-
exciton energy. At 1.55 eV, we do not observe the presence of any peaks, reflecting the 
fact that there may not have been any defects in this shell. This result will become 
clearer with higher shell thicknesses. We then examine region 1.7 - 2.0 eV, and no 
peaks are observed either. This distinguishes a NW with a small shell from one with a 
thick shell. This result will be confirmed in Section 5.5.2. 
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In order to understand the variation of luminescence intensity at peak energy 1.512 eV 
along the NW, the integrated intensity of this peak is plotted as a function of distance 
(after separating from peak 1.48 eV via a Lorentzian fitting). Figures 5.20(a,b) shows 
the SEM image and this variation in normalized intensity versus the corresponding 
position in the NW, respectively. 
The variation at peak 1.512 eV obeys the model presented in Figure 5.18, with three 
regimes. First, it increases when the excitation spot moves from the NW-top to the 
AlGaAs/GaAs axial interface. As explained above, this evolution expresses the 
diffusion of the carriers in the AlGaAs. The excited area is nearer to the GaAs core, and 
more carriers move to this core, and recombination occurs there, leading to higher 
intensity. We extract a diffusion length of carriers in the alloy between 50 - 300 nm for 
three different NWs. For the second regime, from around 400 nm to 1.2 µm (shaded 
area in Figure 5.20(b)), the luminescence is constant due to the fact that the radiative 
combination processes of the carriers occur within the core, before reaching the non-
passivated area at the end of the NW. In other words, all of the generated carriers 
participate in the radiative recombination processes in this regime (corresponding to 
part BC in Figure 5.18). In the final regime, from 1.2 µm to the end of the NW 
(corresponding to part CD in Figure 5.18), the luminescence intensity gradually 
decreases. A number of the carriers that are lost due to non-radiative recombination 
increase when the excited position comes near to the broken area. This has been clearly 
explained above.  
 
Figure 5.20 (a) SEM image of a NW with a ~ 20 nm shell thickness. (b) Variations in 
normalized integrated luminescence intensity of position at 1.51 eV as a 
function of distance. The dark line is the fitting for the diffusion length. Shading 
area is the constant luminescence area. 
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The diffusion length in GaAs (corresponding to part CD) is extracted for the decay 
exponential fitting with equation
( )
D
'
0
L
x-x
0
eA
I
I
y
-
´== , where I0 is the intensity at the 
plateau, I is the intensity after travelling in the sample, A is a coefficient, and LD is the 
diffusion length. These NWs were homogeneous in diameter along the NW axis. When 
fitting, some points at the end of the NW are ignored because of broken areas. The 
diffusion length extracted after fitting at 1.512 eV was LD = 637 ± 72 nm. This value is 
larger than the diffusion length noted in Ref. [Cha12], where C.C. Cha et al., with a NW 
fabricated by MOCVD, obtained a diffusion length of 180 nm after the surface was 
passivated with AlGaAs. Their shell AlGaAs had variable thicknesses ranging from 0 to 
10 nm, which corresponded with distance along the NW. Figure 5.20(b) shows us that 
the diffusion length of carriers in AlGaAs is shorter than one in GaAs. This result can 
be due to the fluctuation of Al composition in AlGaAs alloy.[Gus10] 
 
5.4.3. Experimental results with a 175 nm shell thickness 
The LOptical and diameters of this NW are 2.9 µm and 506 nm, respectively. The 
diameter of the core is ~ 84 nm. The axial AlGaAs length is around 890 nm, which 
approximates to the 2D layer growth. Similar to the previous section, in the CL 
measurement, an electron beam with a spot size of 150 nm ´ 600 nm moved along the 
axis of the NW. Figures 5.21(a,b,c) show the location of the GaAs core and the AlGaAs 
shell in the NW core-shell structure, the corresponding SEM morphology, and the CL 
spectra along that NW, respectively. The boxes at numbers 1, 2 and 3 in Figure 5.21(b) 
exhibit three typical excitation areas on three important sites of the NW (the two ends 
and the GaAs/AlGaAs axial interface). The detector collected all of the signals from all 
of the radiative recombination processes that occurred on the entire NW. Thank to the 
evolution of CL intensity along the NW, we could deduce the length of the axial 
AlGaAs around 600 nm.  
In Figure 5.21(c), three peaks at 1.48 eV, 1.49 eV and 1.51 eV appear along the NW 
due to two bound-exciton levels and a free-exciton level, respectively. The broadening 
of the peak 1.51 eV varied by 11 meV - 13 meV from Position 1 to Position 2, and 
varied from 13 meV to 16 meV in the AlGaAs area. The diameter of this NW is 
homogeneous along its axis (save for the last five points due to the broken area). In the 
 109 
 
middle positions of the NW, there were peaks at 1.53 eV and 1.65 - 1.75 eV. There was 
therefore an incomplete transfer of carriers to the GaAs core here. 
There are three possible explanations for these peak energies: (i) Localized centers in 
AlGaAs (deep centre, dot-like fluctuations). There is no evidence for this hypothesis, 
because there are not present in AlGaAs part. (ii) Type II transition (Figure 5.6) or free-
exciton emission of WZ GaAs. There is no evidence for this hypothesis, because they 
should appear also for thin shell. (iii) Related to localized centers at the interface 
between core (GaAs) and shell (AlGaAs). This is the most probable interpretation.   
At the NW-top in the AlGaAs part, peaks at 1.98 - 2.1 eV that appeared with a low 
intensity provided information about the composition of Al in NW. We deduced an Al 
composition of 32 - 40% using the Equation Eg = 1.5194 + 1.36x + 0.22x
2 with x = Al 
composition (0 < x < 1).[Pav94] One interesting result at this site was the presence of 
peaks at ~ 1.51 eV and ~ 1.48 eV, which proved that some of the generated carriers 
could move to the GaAs core and recombine there. 
Figures 5.22(a,b) provide information about NW morphology and normalized CL at 
1.51 eV at each position as a function of distance. The Lorentzian function was used to 
completely separate these three peaks in the CL spectra shown in Figure 5.21(c). We do 
not examine peak 1.49 eV due to the fact that this emission only existed at some 
positions towards the NW top. The CL intensities of peak 1.51 eV are then integrated 
and drawn versus position in log scale, as seen in Figure 5.22(b). The integrated 
intensity at 1.51 eV as a function of distance obeys the expected exponential law shown 
in Figure 5.18, but Regime II (shaded area in Figure 5.2(b), corresponding to part BC in 
Figure 5.18) seems to disappear and the length to extract the LD information in Regime 
III is 1.35 µm. This result can be explained as follows. This NW either had long axial 
AlGaAs or was buried in a thick 2D layer. Accordingly, when it was cut and dispersed 
on the Au surface, the remaining GaAs had a very short length L from the 
AlGaAs/GaAs axial interface to the broken area (as introduced in previous section 5.1). 
The majority of the generated carriers therefore reaches the broken area, and 
recombines non-radiatively there, instead of recombining radiatively in the core. The 
result obtained from the exponential equation for the diffusion length at 1.51 eV is LD = 
653 nm ± 30 nm. In this NW, we also see the difference of the diffusion length of 
carriers in AlGaAs and GaAs sections, as in the 20 nm - shell thickness NW. 
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Figure 5.21  (a) Diagram of the core-shell structure. (b) The SEM image of the core-shell 
structure with a 175 nm shell (W1). (c) The corresponding spectrum at each 
position along the NWs. 
 
Figure 5.22  (a) SEM image of a NW with a shell thickness of 175 nm (W1). (b) Normalized 
integrated intensity at each position along the NW (dot lines) and fitting for the 
diffusion length (solid lines). Shading area is the constant luminescence area. 
With two analyses in detail for samples with 20 nm and 175 nm shell, from the series of 
core-shell NWs with thin GaAs layer outside, we notice that defects appear in AlGaAs 
shell when the shell thickness increases, leading to reduce the luminescence intensity of 
GaAs due to the partial loss of generated carriers in AlGaAs area. This result confirms 
the conclusion in previous section about the decay times and luminescence of NW 
ensemble. 
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5.4.4. Diffusion lengths versus AlGaAs shell thickness  
The main issue addressed in this section is the variation in the diffusion length of the 
carriers in all of the samples with different AlGaAs shell thicknesses. Above, we 
discussed the diffusion lengths of two typical NWs of two samples with shell 
thicknesses of ~ 20 nm and ~ 175 nm and a core diameter of ~ 84 nm. The values of the 
extracted diffusion lengths from these samples were approximately equivalent. Here, we 
study the diffusion length of individual NWs presented for each sample with different 
shell thicknesses ranging from 7 nm to 175 nm. These values were extracted from the 
evolution of the luminescence intensity along the NW axis in the same way as examined 
above. 
As discussed, the behaviour of the CL intensity for individual NWs along the axis for 
two typical NWs implies that we always obtain three regimes for intensity evolution. 
Consider the direction from NW-top to broken area, in the AlGaAs part, this intensity 
increases from NW-top up to the AlGaAs/GaAs interface area or the top of GaAs core 
and saturates in a place of GaAs core where the radiative recombination processes can 
occur before the generated carriers are trapped by surface states in a broken area at the 
end of the NW, and then decay as a exponential function with distance due to the non-
radiative recombination of partly generated carriers in the broken area or radiative 
recombination in AlGaAs shell area. The diffusion lengths of all of the investigated 
NWs were extracted via the exponential decay function and plotted as a function of 
shell thickness at 1.51 eV, corresponding to free-exciton energy. 
Diffusion lengths of all the individual NWs which we investigated are shown in Table 
5.3. We notice a huge spread for diffusion lengths. This result can be attributed from the 
variation of crystal structure and NW diameter for each NW. The obtained values are in 
the range of the results from Ref. [Gus10] (shading area in Figure 5.23(b)) with 
GaAs/AlGaAs core-shell grown by MOCVD with Au-catalyst. 
According to the discussion above, the luminescence intensity on the ensemble samples 
increased due to the limitation of the generated carriers in the AlGaAs shell. This means 
that when the shell thickness increases, the number of the generated carriers also rises, 
leading to increased luminescence intensity. The lifetime of the carriers in the GaAs 
does not depend on the generated carriers, but does rely on the period of time that the e-
h pairs are alive in the material before recombination. As a consequence, the diffusion 
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length of all of the samples with differences in shell thickness should be constant. 
Figures 5.23(a,b) present the variations in a typical NW, presented as one sample with 
shell thicknesses of 7 nm, 20 nm, 47 nm, 86 nm, and 175 nm, and the evolution of the 
diffusion lengths versus shell thickness, respectively. The values of the scattered 
diffusion lengths depend on each NW. The minimum value in our work was 400 nm 
and the maximum was 1.6 µm. This is explained by the different properties from NW to 
NW, and may be related to the quality of the core or the passivation of the AlGaAs for 
each NW. 
Table 5.3 Some diffusion length values for the samples in our experiments. 
Shell 
thickness  
NWs  LOptical 
(µm)  
Dw (µm)  LD (µm)  DLD (µm)  
7 nm  W02  2.025  0.094  0.803  0.074  
 W04  1.465  0.101  0.420  0.024  
 W05  2.177  0.098  0.526  0.044  
20 nm  W01  2.325  0.123  0.637  0.072  
 W03  2.311  0.120  0.687  0.073  
 W04  2.205  0.137  0.652  0.056  
 W05  2.409  0.134  1.288  0.100  
47 nm  W02  2.046  0.131  0.714  0.046  
 W03  2.521  0.221  1.587  0.094  
 W05  2.359  0.229  1.009  0.085  
 W06  2.501  0.259  1.021  0.092  
86 nm  W03  2.180  0.293  1.250  0.150  
175 nm  W01  2.900  0.506  0.653  0.029  
 W02  2.587  0.532  0.966  0.197  
 W03  2.791  0.510  0.770  0.102  
According to the results set out above regarding the diffusion lengths and lifetimes of 
all the samples with different shell thicknesses, we can calculate the diffusion 
coefficient D of the carriers in these GaAs/AlGaAs core-shell structures using Equation 
5.8: 
decay
2 τDL
D
´=        (5.8) 
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The use of formula (5.8) is not rigorous here, because we use values for LD and tdecay 
measured with different configuration. LD is extracted from individual NWs, which are 
cut and have an unpassivated surface (broken area), whereas tdecay is measured for 
ensemble of NWs, still vertically aligned on the substrate. 
 
Figure 5.23  (a) Evolution of the normalized CL intensity (at 1.51 eV) of various shell 
thicknesses with respect to distance (dot curves). Extracted diffusion lengths 
were obtained from the exponential decay fitting (solid lines). (b) Variations in 
the diffusion lengths of the GaAs as a function of shell thickness. Shading area 
is diffusion length range taking from Ref. [Gus10]. 
In conclusion, the diffusion length gets maximum values for the shell thicknesses in the 
range of 20 - 50 nm. Although these values vary from 0.6 µm to 1.6 µm due to the 
quality of each NW, they are larger than the values from Ref. [Gus10]. Therefore, in 
this range of thick shells, our NWs are at the state of the art. But for shell thicker, due to 
the appearance of defects in the alloy and at the interface, diffusion length becomes 
shorter. 
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5.5. Residual strain in the GaAs/AlGaAs core-shell nanowires 
All results in this part were published in Ref. [Hoc13]. 
Table 5.4  Table of the adjustment of shell thickness between design values and the values 
taking from SEM analysis for samples with GaAs/AlGaAs core-shell structures. 
Samples 
Shell deposition 
time 
RDesign (nm) RShell (nm) 
AS0367 0min  
(1h30 for bare GaAs) 
0 0 
AS0372 11min 5 5 
AS0371 23min  10 10 
AS0368 46min 20 35 
AS0370 1h 10min  30 55 
AS0369 1h 57min  50 75 
AS0374 3h 55min 100 100 
The shell thickness which we use in this section is design thickness RDesign to be in 
accordance with the publication (thickness design depends on the axial/radial ratio of 6). 
We notice the difference between design thickness and shell thickness RShell (taken from 
SEM analysis of more than 100 NWs from each sample) is due to the fact that the 
material growth rate may change during the growth of series. 
Strain or elastic deformation of core-shell structures is generated due to the difference 
of lattice constants of core and shell materials. It keeps an important role in tuning the 
band structure of semiconductors and makes a significant change their optical and 
electronic properties. Due to strain, piezoelectric (PZ) fields in polar crystalline 
orientations can be formed in compound semiconductors,[Tak98] especially in the [111] 
orientation of the zinc blende phase or along the c-axis of hexagonal lattices.[Hoc13] In 
some special cases, piezoelectric effects plays a important role to benefit semiconductor 
device properties if properly controlled.[Wan12] For instance, they can promote the 
separation of electron-hole pairs and thereby reduce the recombination losses. III-V 
NWs are grown along the [111] axis and easily strained by growing a shell around 
them,[Sko05] therefore the application of PZ effects for III-V NW solar cell structures is 
particularly attractive.[Hoc13] In this part, optical properties of an ensemble of 
GaAs/Al0.35Ga0.65As core shell NWs are studied. Moreover, a comparison of optical 
results with simulation results, is achieved, taking into account the change of band 
structure due to the small lattice mismatch between AlGaAs shell and GaAs core.  
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The PL spectra in Figure 5.24(a) of GaAs core emission of samples without GaAs cap 
outside showed the systematic red shift and a broadening linewidth with increasing shell 
thickness, obtaining a maximum shift of 14 meV for a 100 nm - shell thickness. The red 
shift of the absorption band edge is exhibited in μ-PLE spectra [Figure 5.24(b)] with a 
maximum of 10 meV for a 100 nm-shell thickness, revealing a relation between PL shift 
and GaAs band structure. An extraction from PL emission and absorption band in 
Figure 5.24(c) showed clearly that the strain increases with increasing shell thickness. 
In addition, the broadening of PL spectra in Figure 5.24(a) increases with shell 
thickness, also suggests a shell-dependent disorder mechanism appearing either in the 
same NW or from one NW to the other.[Hoc13] In case of core-shell samples with GaAs 
cap outside, we also received a similar result about the red shift in CL spectrum with the 
maximum red shift value ~ 6 meV. This value was also the same as the shift value 
extracted from the PL spectrum. 
 
Figure 5.24  PL emission and absorption dependence on AlGaAs shell thickness. (a) 5 K PL 
spectra of NW ensembles with shell thicknesses varying from 0 to 100 nm. (b) 5 
K PLE spectra of NW ensembles with shell thicknesses varying from 0 to 100 
nm. (c) Shift of the band edge emission and absorption photon energy versus 
shell thickness at 5 K.[Hoc13] 
A simulation is used to calculate the strain distribution due to the effect of the different 
AlGaAs shell thicknesses by using the Valence Force Field (VFF) model in the Virtual 
Crystal Approximation. The core-shell NW with the zinc-blende GaAs/Al0.35Ga0.65As 
structure having the hexagonal cross-section, (110) facets and the uniform Al alloy 
along the entire NW was used for the simulation. The simulated length and diameter are 
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infinite and 70 nm (core radius RC = 35 nm), respectively and the shell thickness, ts, 
varies from 0 to 100 nm. For 35% composition of Al, the theoretical lattice mismatch 
between GaAs and AlGaAs is Δa/a = 0.0486%. This value is small, but it still 
influences the electronic band structure of the semiconductor materials, thereby altering 
their optical and electronic properties.  
As shown in Ref. [Hes10], εzz, the largest deformation induced by the shell in the core, is 
tensile and homogeneous [Figure 5.25(a)], four times larger than the in-plane 
deformation ε||=(εxx+εyy)/2 [Figure 5.25(b)]. The εzz strain obeys the equation εzz ≈ 
F/(1+F) Δa/a, where F = (ts
2
+2Rcts)/Rc².
[Hes10] Figure 5.25(c) shows that εzz increases 
quickly for small shell, and tends to saturate for thick shell. In our case, εzz obtains more 
than 80% of Δa/a for 50 nm - shell thickness. Next, with a sp3d5s* tight-binding 
model,[Jan98] the electronic structure of the system is calculated. Figure 5.25(d) exhibits 
the decrease of GaAs band gap with increasing the AlGaAs shell thickness due to the 
increasing the tensile strain in the core. This result also agrees with the peak shift in 
both PL and PLE spectra which shows in Figure 5.24(c).[Hoc13] 
 
Figure 5.25  Theoretical calculations of the residual strain in core-shell GaAs/AlGaAs NWs. 
(a) Cross section view of the axial strain field component εzz. (b) Cross section 
view of the average in-plane strain field ε׀׀=(εxx+εyy)/2. The axial strain is much 
stronger than the in-plane strain. (c) Axial strain in % versus the AlGaAs shell 
thickness. (d) Calculated strain-induced red shift of the NW bandgap versus 
shell thickness.[Hoc13] 
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Figure 5.26  Experimental evidence of piezoelectricity in GaAs/AlGaAs NWs. (a) PL shift 
versus excitation power at 5 K for various shell thicknesses, and (b) PL shift of 
the 100 nm-shell sample for various temperatures. (c) Evolution of the emission 
band edge versus temperature for various shell thicknesses.[Hoc13] 
The model suggests that the red shift of PL and absorption due to the only strain effects. 
Furthermore, we also investigate if there is the presence of piezoelectric effect on this 
shift, under excitation power and temperature dependent PL spectroscopy. Figure 
5.26(a) exhibits the energy position of PL spectra as a function of excitation power with 
different shell thicknesses. While the bare NWs exhibit a slight red shift in this power 
range due to the heating effects, a clear blue shift is noticed for all core-shell samples. 
Increasing the excitation power makes increasing the blue shift with a change in slope at 
around 5 mW. Beneath 5 mW, the slope is larger with increasing shell thickness. For 
100 nm shell thickness, the slope is large, and the shift achieves ~ 5 meV under an 
excitation power of 5 mW. This result comes from the carrier-induced screening of the 
piezoelectric field, leading to the blue shift with increasing excitation power.[Dia10] When 
excitation power is higher than 5 mW, the screening of the PZ field saturates by 
photogenerated carriers, the blue shift in PL spectra come from band filling effects. 
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Figure 5.27  Schematic of (a) core-shell structure and (b) band structure which creating from 
strain due to the lattice mismatch between core and shell materials. 
Figure 5.27(b) plots the band structure of core-shell system which created from strain 
leading to the piezoelectric polarization phenomenon. When receiving the excited light, 
the height h reduces, called screening effect, and emission energy increases with 
increasing excitation power. This phenomenon happens up to h = 0 or emission photon 
(hν) equivalent to band edge emission of GaAs [Eg(GaAs)]. As a result, when increasing 
to a certain value of excitation power, the screening of the PZ field increases up to 
saturate value. 
The piezoelectric polarization and potential along the lines of Ref. [Niq08] are 
calculated basing on the computed strain fields. Pz is the main component of the 
piezoelectric polarization in the GaAs core, while the smaller in-plane components give 
rise only to weak lateral electric fields. The corresponding in-plane piezoelectric 
potential remains practically constant inside the core even for the thickest shell. 
Assuming a εzz value of 0.05% from Figure 5.25(c), and using the available PZ 
coefficient for cubic GaAs (e14 = 0.16 C/m
2)[Arl68] and the equation A1 from Ref. 
[Niq06] ( ( )//14
3
2
ee -= ^ePz ), we find a PZ field oriented mainly along the NW axis, 
with values as high as 8 kV/cm. However, PZ effects are theoretically negligible in a 
homogeneous and three μm-long NW because the associated density of bound charges, 
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¶Pz/¶z, is non-zero only at the extremities of the NW. Consequently, even a small 
amount of photogenerated carriers is enough to screen the resulting PZ field.[Hoc13] 
Now, we move to investigate the effect of temperature on piezoelectric polarization of 
core-shell band structure on 100 nm - shell thickness sample. In our case, these 
experiments carried out with tens of W/cm2 of optical power, showing that the PZ fields 
appear on localization sites with the length scale of the exciton Bohr radius, which 
makes their photo-screening more difficult and explains the relatively high power 
densities.[Hoc13] Figure 5.26(b) reveals that the screening of the PZ field, corresponding 
to the blue shift, disappears completely at 80 K and strongly weakened with increasing 
temperature. This result agrees with a weak localization being only at low temperatures. 
The PL peak shift in Figure 5.26(c) also supports the evidence of this weak localization. 
This shift closely obeys the empirical Varshni model in bare GaAs NWs.[Lau87] Below 
80 K, the difference between observed values from PL spectra and fitting values from 
Varshni model reveals the characteristic of weak carrier localization. This difference 
increases with shell thickness, obtaining ~ 6 meV for the 100 nm - thick shells, which 
improving the relationship between the localization mechanism and shell thickness. 
This result agrees with the increase of the PL linewidth which shows in Figure 5.24(a) 
and the red shift of peak position with increasing shell thickness which shows in Figure 
5.24(c). 
Next, the shell-dependent localization mechanism is discussed with the combination of 
TEM imaging and μ-PL spectroscopy. We show that the high-resolution TEM images 
on both GaAs and GaAs/AlGaAs NWs cannot support to explanation of increasing 
structural disorder in the core since increasing shell thickness. Therefore, the shell -
dependent localization mechanism may be result of inhomogeneities in the shell along 
the NW axis. μ-PL spectra of some NWs in Figure 5.28(a) show the evidence for this. 
Beside one peak at 1.5 eV of core emission relating to the band edge of GaAs, one peak 
at 1.49 eV relating to C-impurity, a range peaks from 1.55 - 1.8 eV also present along 
each investigated NWs which correspond to the fluctuation of Al composition smaller 
than 35%. Due to the decay time is too short (in the order of 200 ps),[Chi95] these peaks 
cannot be of   type II transitions of zinc-blende /wurtzite in the shell. Therefore, we can 
conclude that these emission peaks in this range belong to AlGaAs shells with lower Al 
composition. In order to find more evidence for Al inhomogeneity, TEM imaging and 
the Z-contrast (sensitive to the atomic number of atoms) are used [Figures 5.28(b,c)]. 
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They show one of the six (110) facets of NWs and also show the spontaneous difference 
of Al-rich and Al-poor regimes due to the different brightness. The fluctuation of Al 
composition along the AlGaAs shell creates the variation of the strain εzz inside the core 
and the presence of PZ fields [Figure 5.28(d)]. As the result, the band structure can vary 
and form weak localization sites along the NW axis, due to the effect of strain and PZ 
polarization induced fields. 
 
Figure 5.28  Inhomogeneity within the AlGaAs shells. (a) μ-PL at 5 K of few 100 nm-thick 
core-shell NWs, where the excitation power increases from P to 4 P from 
bottom to top (P = 0.5 mW). The main PL peak at high powers corresponds to 
the GaAs band edge emission discussed throughout this work. The PL peak at 
lower energy (1.49 eV) is associated to a band - to - acceptor transition 
involving residual carbon. (b) NW imaged by HAADF-STEM and (c) detail of 
the shell by high-resolution STEM. (d) Scheme of the total variation of the 
GaAs band structure (light blue area) along the z-axis due to the simultaneous 
presence of strain (blue line) and PZ fields (yellow dotted line) induced by 
variations of the Al content in the shell over length scales comparable to the 
exciton Bohr radius. Holes and electrons are spatially confined along the NW 
axis.[Hoc13] 
In summary, passivated GaAs NWs with AlGaAs shells exhibit excellent optical 
properties. The photoluminescence intensity is enhanced by four decades and the carrier 
decay time is improved by two decades up to 900 ps. We observe a systematic red shift 
 121 
 
of the band edge of these core-shell NWs with increasing shell thickness, which can be 
accounted for by tensile strain imposed on the core by the shell, in line with theoretical 
calculations of the strain field profile in these composite nanostructures. We argue that 
piezoelectric fields also contribute to this red shift, acting on localization sites formed 
inside the NW core by inhomogeneities in the Al composition of the shell. On principle, 
one could take advantage of such PZ fields in future NW solar cells to boost electron-
hole pair separation.[Hoc13] 
 
5.6. Conclusions 
The aims of this chapter were to examine the influence of the AlGaAs shell on GaAs 
NWs, and to observe the same results between the GaAs NWs with and without the 
AlGaAs shell. The growth, structural and optical characterizations of the GaAs/AlGaAs 
core-shell structures were also investigated. The flux condition As/Ga > 10 was used to 
grow the AlGaAs shells and produced an axial-to-radial ratio of ~ 6. The Al 
composition was approximately 35%, while the 2D layer growth was equivalent to the 
AlGaAs axial growth. Shell thickness ranged from 0 nm, 7 nm, 20 nm, 36 nm, 47 nm, 
86 nm to 175 nm, but the core was constant with a diameter of ~ 84 nm and a length of 
~ 2.4 µm. The lifetime of the e-h pairs in the GaAs NWs increases significantly from 
0.1 ns to 1 ns when the AlGaAs shell increases from a 0 nm to a 7 nm, is constant for 
the shell thickness between 7 and 47 nm, and then reduces for larger shell thicknesses 
[Figure 5.29(a)]. This result proved the importance of the AlGaAs shell in suppressing 
the surface states that could be due to dangling bonds. The evolution of luminescence as 
a function of shell thickness as exhibited in Figure 5.29(b) also supported the findings 
regarding the AlGaAs shell influence. The diffusion lengths for individual NWs were 
also studied thanks to the CL intensity evolution of at various given positions along the 
NWs. The values of the diffusion lengths were scattered from 400 nm to 1.6 µm 
depending on the behaviour of each NW due to their quality. These results produced 
major variations in the diffusion length [Figure 5.29(c)]. Beside, the residual strain 
between GaAs core and AlGaAs shell was also noticed via the red shift of peak 
positions form PL or PLE experiments since increasing the shell thickness. This result 
was also agreement from theory calculation. Here, we also notice that the piezoelectric 
field have effect on this red shift. The Al composition of the shell was inhomogeneous. 
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Figure 5.29  The evolution of the (a) decay time, (b) luminescence intensity and (c) diffusion 
length versus the shell thickness of the samples. 
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Chapter 6  
Conclusions and perspectives 
This thesis has been divided into six chapters with two main purposes, namely the basic 
knowledges about the semiconductors and the experimental results obtained during this 
research work. The state-of-art of single-photon emitter was introduced in order to 
illustrate one of the motivations of this thesis. A brief review of the AlxGa1-xAs material 
regarding to the crystal, electronic band structure, behaviors of excitons and strain 
formation due to the lattice mismatch was done. We also presented the III-As molecular 
beam epitaxial growth and the methods to characterize the NW behaviors. More 
specifically, we describe the VLS mechanisms with Ga-catalyst, the RHEED pattern 
transitions and oscillations on (001) GaAs wafer, the suitable growth temperature for 
each molyblock, and the planar growth rate of each material source.  
The results and discussions for our experiments have been performed in Chapter 4 and 
5, corresponding to the growth studies and optical characterizations, respectively. 
Comprehensive studies of the GaAs NWs morphology versus the growth parameters 
(As-to-Ga ratio, substrate temperature, deposition rate) were achieved for Ga-assisted 
VLS growth. Substrate temperature should be high enough (typically 620 °C) and As-
rich condition should be fulfill (As/Ga ~ 2) in order to have well aligned vertical NWs 
and a density approaching the initial concentration of Ga droplets. The obtained NWs 
lengths are in the range of 0.4 - 1 µm, their diameter between 25 and 100 nm. The 
contribution of Ga diffusion to the NW growth was evidenced by the diameter 
dependent axial growth rate. Our data can be fitted taking into account such diffusion 
and by adding the Gibbs-Thomson effect, namely the variation of As supersaturation 
into the liquid for small droplet diameters (≤ 40 nm). 
In order to passivate the GaAs NW surface (GaAs has high surface recombination 
velocity compared to other materials such as Si and ZnO), we use AlGaAs, a large 
bandgap semiconductor, as shell in order to deplete the dangling bonds at the NW side 
facets. AlGaAs shells were deposited under the As-rich condition with ratio As/Ga > 10 
in order to consume the Ga-droplets completely and to promote a radial growth. The 
obtained results in our work were:  
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(i) The maximum axial-to-radial growth rate ratio was 6. The AlGaAs axial growth 
rate is the same as the one of a 2D layer growth. 
(ii) The Al alloy composition in the shell is approximately 35% with some 
fluctuations along the growth axis which can explain the piezoelectronic field present in 
these structures. 
(iii) GaAs/AlGaAs core-shell structures have a [111] orientation for the vertical NWs 
with a hexagonal cross section.  
(iv) AlGaAs shell thickness of about 7 nm is enough to optimize the passivation and 
suppress the surface state recombination. Thicker shell thickness, especially above 50 
nm, induces some defects which limit the quality of the core-shell interface. 
(v) In order to avoid some oxidation of the AlGaAs alloy shell, a thin outer cap of 
GaAs is required. 
The last two points were deduced from our optical characterization work. Indeed we 
performed CL and PL measurements (including time resolved photoluminescence) to 
evaluate the efficiency of the core-shell NWs and the minimum shell thickness required 
to suppress the non-radiative surface recombination. For this purpose the lifetime of the 
carriers (more specifically the exciton decay time) and the emission intensity were 
studied as a function of shell thickness. An increase by more than two orders of 
magnitude for both lifetime and the emission intensity (in CL ad PL) clearly evidence 
the improvement of the optical properties of the GaAs NWs when covering them with 
an appropriated AlGaAs shell thickness.  
Moreover a spatially resolved CL study allows us to estimate the exciton diffusion 
length in these NWs: values between 0.7 µm and 1.5 µm are obtained for NWs with 
shell thicknesses between 20 - 50 nm. For thicker shell, diffusion lengths become 
smaller in agreement with other optical data as already mentioned. 
The strain generation of core/shell when changing the shell thickness was also 
evidenced via the red shift of peak position from optical emission experiments. The 
piezoelectric field was noticed in these samples. The Al content fluctuated in shell.  
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Perspectives  
Beside the interesting results which showed in this thesis, there are some problems we 
have not completed yet. Therefore, some experiments need to carry out in the future in 
order to fulfil the interpretation of results:  
1. Control the ZB/WZ in GaAs NW. 
2. Use patterned substrate to control the size, density, orientation of NWs. 
3. TEM measurements for determining precisely the thickness of core and shell in 
core-shell structure. 
4. TEM measurements to compare the quality of core-shell NWs when wires are 
covered with thin and thick shell thickness. 
5. Insert In(Ga)As quantum dots inside NWs for fabrication of photon emitters. 
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This report focuses on the fabrication of GaAs nanowires and GaAs/AlGaAs core-shell 
structures by molecular beam epitaxy, deposited on Si (111) substrates in order to provide 
arrays of wires for innovative solar cells and bottom-up photonic wires for efficient single 
photon emitters. 
The first part of this work is a systematic study of the key parameters which control the one-
dimensional growth of bare GaAs NWs with a self-assisted vapor-liquid-solid growth process, 
namely the As-to-Ga flux ratio, the substrate temperature, and the deposition rate. 
The second part concentrates on the growth and characterization of GaAs wires covered with a 
shell of AlGaAs alloy (35 % Al) in order to get rid of the surface recombinations. These shells 
were fabricated under As-rich condition with ratio As/Ga >10 in order to consume the Ga-
droplets completely and to promote a radial growth. The obtained axial-to-radial growth ratio is 
6. The optical characterizations on ensemble were carried out at low temperature via the 
cathodoluminescence (CL), photoluminescence (PL), and time-resolved PL measurements. The 
results show that the lifetime of carriers and luminescence intensity increase significantly with 
shell coverage. About 7 nm thick shell is enough to optimize the passivation and suppress the 
surface state recombination. A thin outer cap of GaAs is required in order to prevent some 
oxidation of the AlGaAs alloy shell.  
In addition, the exciton diffusion lengths of these NWs, studied via the spatially resolved CL, 
are in the range of 0.7 - 1.5 µm for NWs with shell thicknesses between 20 - 50 nm. These 
values are smaller for thicker shells due to the defect formation, leading to limit the quality of 
core-shell interface. The shift in optical emission experiments provides the information of the 
strain generation of core-shell when we vary the shell thickness. The piezoelectric field was 
noticed in these samples.  
Keywords: semiconductor, molecular beam epitaxy, nanowires, core-shell structure, arsenide. 
 
 
Ce travail a pour objectif la fabrication, en épitaxie par jets moléculaires, de nanofils cœur-
coquille à base de GaAs et AlGaAs déposés sur des substrats Si(111), en vue de réaliser des 
réseaux de fils pour de nouvelles cellules solaires, et pour des fils photoniques permettant une 
approche bottom-up d’émetteurs de photons uniques. 
La première partie de ce travail est une étude systématique des paramètres clés qui contrôlent la 
croissance uni-dimensionnelle de fils GaAs élaborés par un mécanisme vapeur-liquide-solide 
auto-catalysé, à savoir le rapport des flux As/Ga, la température du substrat, et la vitesse de 
croissance. 
La seconde partie se concentre sur la croissance et la caractérisation de fils GaAs recouverts 
d’une coquille d’alliages AlGaAs (35% Al) afin de s’affranchir des recombinaisons de surface. 
Ces coquillesde AlGaAs sont fabriquées en conditions riche-As (rapport As/Ga > 10) afin de 
consommer les gouttes de catalyseur gallium et de promouvoir une croissance radiale (le taux de 
croissance maximal axial/radial est égal à 6). Diverses caractérisations optiques sont réalisées à 
basse température sur ces ensembles de fils : cathodoluminescence, photoluminescence et 
spectroscopie résolue en temps. L’intensité de luminescence et la durée de vie des porteurs 
augmentent fortement avec la présence de la coquille : une épaisseur de 7 nm de cette dernière 
est suffisante pour optimiser la passivation des nanofils et supprimer les recombinaisons liées 
aux états de surface. Une fine couche extérieure de GaAs est nécessaire pour éviter toute 
oxydation de la coquille d’alliage AlGaAs. 
De plus, grâce à des mesures de CL résolues spatialement, les longueurs de diffusion des 
excitons dans ces fils ont été obtenues, allant de 0.7 µm à 1.5 µm pour des épaisseurs de 
coquilles comprises entre 20 et 50 nm. Des valeurs plus petites sont mesurées pour des coquilles 
plus épaisses, ce qui tend à montrer l’introduction de défauts dans l’alliage qui pourraient 
limiter la qualité de l’interface. Le décalage en énergie de l’émission fournit des informations 
sur la génération de contraintes dans ces fils cœur-coquille et sur le champ piézo-électrique qui 
en découle. 
Mot clés: semiconducteur, épitaxie par jets moléculaires, nanofils, cœur-coquille structure, 
arséniure. 
